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This  second  Annual  Report  for  the  University  Research  Initiative  program  at  Carnegie 
Mellon  University,  including  subcontracted  research  efforts  at  Clemson  University  and  at  the 
University  of  Califomia  (UC),  Berkeley,  contains  technical  summaries  for  each  of  six  task  areas. 
These  arc  listed  below  by  Task  title  and  Task  Investigator(s).  The  individual  sections  in  the  body 
of  the  repert  follow  in  this  same  order,  and  are  group^  into  three  major  parts.  Processing  (Tasks  1 
and  2),  Characterization  (Task  3),  and  Properties  and  Performance  (Tasks  4,  5  and  6).  Task  2  is 
being  conducted  at  Qemson  and  Task  4  at  UC  Berkeley. 

'i'a!:k  L  Experimental  Study  of  Processing  of  Composites.  H.  Henein,  H.R.  Piehler 

Task  2.  Modeling  of  Consolidation  and  Deformation  Processing  of  Cmnposites.  HJ.  Rack 

Task  3.  Structure  and  Conqmitioo  of  Interfaces  in  Composites.  J.M.  Howe 

Task  4.  Toughness  and  FDadgue  of  Metal  Matrix  Onnpnsites.  R.O.  Ritchie 

Task  S.  Micromechaiusms  of  High  Temperature  Composite  Behavior.  A.W.  Thonrason 

Task  6.  Thermal  and  Mechanical  Ifistory  Effecu  on  Cmnposite  Propoties.  W.M.  Garrison 

The  Processing  part  of  the  report  comprises  three  reports.  The  first  of  these,  by  Parent  and 
co-authors,  addresses  several  issues  in  powder  blending  as  a  processing  step  for  metal  matrix 
com()osite.<.  Emphasis  is  being  placed  on  fundamenud  understanding  of  the  mechanisms  of 
blending,  with  account  being  taken  of  powder  characteristics  and  operating  and  design  variables, 
toward  a  goal  of  using  physical  models  to  identify  scale-up  criteria  in  blent^g.  Resultt  have  been 
concentrated  on  spherical  particle  experiments,  with  successful  defmition  and  measurement  of  a 
segregatioa  behavior  diagram  for  bim^  mixturea.  The  second  rowrt.  con^leting  the  summary  for 
Task  1,  is  by  Piehler  tad  co-authors,  on  the  subject  of  consoudation  processing,  as  a  natural 
complement  to  the  first  part  of  Task  i.  The  primary  accomplishment  has  b^n  achieving 
operational  sums  for  the  M  triaxial  cotnpactioo  apparatus,  which  can  apply  shear  in  additioo  to 
hydrosude  stresses.  This  equipment  has  impmsive  capabilities  and  hu  bm  desoibed  as  unique 
in  the  United  States.  Among  the  early  goab  is  to  test  Ashby’s  hoc  Isostadc  pressing  diagrams,  and 
to  extend  them  to  the  conditioos  of  superimposed  shear.  Cboqileting  the  Processing  pan  is  the 
Task  2  report,  from  HJ.  Rank,  addressing  several  topics  related  to  consoUdadoo  and  p^ormance 
of  metal  matrix  composites.  A  suh-task  on  interfacial  modification  for  reinforcement  phases  in 
metal  matrix  composites  has  yielded  .several  important  results,  particularly  for  carbon  fibm.  Two 
other  sub-tasks  have  addressed  composiieperformaaca,  one  iq  ntanium  aluminidea  and  the  ocher  in 
a  model  system.  Inconel  718  tcinfoi^  with  TiC  paiticulaiea. 

The  ChsmcteriMtiMi  part  of  the  report,  from  J Jd.  Hows,  hat  fricuaed  on  two  objeedves. 
The  first  was  to  cotnpleie  a  «udy  of  residual  straina  in  a  model  compoalte  system,  a  SiC-whisker 
reinforced  alumioam  alloy.  This  work  has  been  finished,  sod  the  rnidts  are  bemg  sobmined  for 

EMication.  The  second  objeettvs  was  to  condnns  work  on  the  smicturs  and  the  deformation 
baviorof  interfoceaiaalk^beaedonTiAlend*n|AL  Both  the  Bsuctnis  and  the  deformation 
response  of  alpha-2/fanMm  fanerfaces  have  been  soidi^  and  taMBrcating  icsuhs  have  been  obtained 

iOf  DOIII  OntXtQ  mIQ  QutmQttn  IICprDM  mCRlOCSb 

Thg  PpopgrtM^  anrf  Pwfnrmancf  pan  nt  tha  report  cmumni  repnm  fmm  thrM  The 

first,  from  R.O.  Ritchie,  addressee  micromechsiiiame  of  critical  and  sub<ridcal  crack  advance  in 
composites.  Work  to  due  has  been  carried  out  in  model  oomnosiie  systems  with  particulate 
reinforcement  At  low  fraifue  crack  growth  rates,  h  was  framd  mu  crack  hindrance  or  trapping 
«ad  rcoghness-induced  crack  closm  occurred,  lesultiag  in  lower  growth  rates  than  ia 


unreinibrced  materials.  At  in^ennediate  growth  rates,  the  composite  also  showed  improved  crack 
growth  resistance,  now  due  to  crack  tip  bridging,  a  behavior  which  was  successfully  modeled. 
The  second  report  Ln  this  part  is  by  .A.W.  Thompson  and  J.C.  Williams,  and  has  the  topic  of  creep 
and  deformation  of  aluminidc  materials.  A  fairly  complete  repm  on  creep  in  the  TiaAl-based  alloy, 
Ti-25  Al-10  Nb-3  V-1  Mo,  is  included-  It  was  found  that  microstructure  of  this  alloy  strongly 
influenced  creep  behasior,  and  that  mcchanistc  evidence  indicated  dislocation-controlled  creep, 
with  an  activation  energy  consistent  witli  litcrarare  values.  This  Ti-25- 10-3-1  alloy  was  more  creep 
resistant  than  near-alplu  titaiuum  alloys  recently  lieveloped  for  creep  performance.  The  third  report 
in  this  pan ,  by  Garrison  and  Symons,  discusses  vork  on  thermal  and  mechanical  history  effects. 
The  w  ork  in  this  period  has  been  on  two  titanium  clucninide  alloys,  Ti-24  Al-1  INb  and  Ti-24-  Al- 
17  Nb.  Mechanical  properties  and  thermal  stability  of  the  microstructures  obtainable  in  these  alloys 
have  been  studied  to  provide  guidance  for  additional  work,  concentrating  on  the  three 
microstructural  variables.which  appear  to  be  central  to  the  fracture  mechanisms  in  the  alloys, 
namely  alpha-2  plate  size,  volume  fraction  of  second  phase,  and  amount  of  c+a  slip. 
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statement  of  work 

Th«  program  in  p<ogress  is  an  integrated  study  of  composite  materials  having  metal, 
ceramic  or  intermeuiltc  matrices  with  particulate  or  fiber  reinforcements,  produced  under 
controlled  and  understandable  conditions,  characterized  in  detail,  emphasizing  interface 
structure  and  composition,  and  with  measurement  and  modeling  of  a  broad  range  of 
mechanical  properties,  at  ambient  and  elevated  temperature 

•  Ta-K  1  Develop  experimental  capability  with  triaxial  forging;  conduct  powder 
blending  experiments  and  apply  to  compaction/ forging  experiments:  determine 
experimental  fiber  rotation  and  breakage  for  comparison  to  Task  2  results; 
capture  experimental  understanding  in  frame-based  expert  system 

•  2.  Conduct  extension  of  existing  finite  element  code  to  accommodate 
compaction  of  powder;  iraclude  porous  flow  effects,  friction  effects,  ar>d 
fiber  rotation  and  breakage;  verify  experimentally. 

•  Task  3.  Characterize  structure,  eompositioa  and  bonding  of  interfaces 

between  metal,  ceramic  or  intermetaliic  matrix  and  reinforcements,  at  ambient 
and  elevated  trmperatire.  as  functions  of  processing  histoTY  from  Tasks  I 
and  2;  determine  residual  stresses  and  deformation  micromechanisms  in 

composites. 

*'  Task  4.  Identify  extrinsic  toughening  mechanisms  in  fatigue  and  fractixe  of 
composite  materials,  at  ambient  and  elevated  temperature:  develop 
micromechanical  models  for  intrinsic  .hd  extrinsic  contributions  to  cracking 
resistance,  in  cooperation  with  Tasks  5  and  & 

•  Task  5.  Conduct  creep,  fatigue,  stress  rupwo  wd  aresp*fatiguo  ovalustiont 
on  metal  and  intermetaliic  matrix  composites,  undsr  conditions  of  varying 
strass.  strain  amplitude  and  temperature;  identify  micromechanisms  of  faiiurac 
integrate  results  into  behavior  models  with  Tasks  4  and  & 

•  Task  6.  Examine  effects  of  thermal  and  mechanical  history  on  mechanical 

performance  of  metal  and  intermetaliic  matrix  composites,  through  tasting  at 
varying  temperahre  and  service  stress  conditions;  charectsrize 

mtcromechanisms  of  deformation  and  fracture  as  e  function  of  exposure 
history;  develop  model  descrs>tions  of  performance  with  Tasks  4  and  & 

In  addition  to  these  task-specific  efforts,  there  wW  bo  several  other  objectives  of 
work  which  involve  integration  among  tasks  Some  are  shown  above  explicitly:  others  are 
listed  be'ow. 

•  Oetarmir>e  interrelationships  among  composite  processing  parameters 

composite  nvcrostruclure  (including  interfacial  charactaristicsL  and  mechanical 
behavior,  at  ambient  and  elevated  tempereb/re  (ai  taafcai 

•  Identify  and  model  fundamental  micromechaniams  of  mechanical  bahavior.  at 
amtxant  and  elevatad  tamperatu’s  in  composite  materials  (Tasks  4-61 
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PROCESSING 


The  pnxcssing  portion  of  the  URI  program  on  High-tcmperaturc  Metal  Matrix  Composites 
is  being  accomplished  in  the  form  of  t\^-o  tasks.  The  first  task  is  conducted  at  Carnegie  Mellon 
University  and  has  two  parts,  each  with  its  own  Investigator.  The  first  pan  is  under  H.  Henein 
and  addresses  powder  blendinjg,  particularly  as  it  affects  consolidation  issues.  The  second  pan  is 
directed  by  H.R.  Pichler  and  is  concerned  with  deformation  processing  of  composites,  both  for 
fiber  and  paniculate  reinforcements.  The  second  task  in  the  processing  portion  of  the  program  is 
being  carried  out  at  Clemson  University  tinder  the  direction  of  H.J.  Rack.  Under  a  general  task 
title  cf  "Modeling  of  Consolidation  and  Deformation  Processing  of  Composites ",  this  task  is 
addressing  several  interrelated  topics,  as  described  on  p.  91.  These  include  modification  of  the 
interface  cf  composite  rcinfcrccments  for  improved  performance;  a  study  of  a  series  of  Ti-A!-Nb-V 
and  Ti-Al-V  alurninide  alloys  for  high-temperature  properties;  and  the  fct  pan  of  a  study  of  creep 
in  a  model  composite.  Inconel  718  reinforced  with  particulate  TiC. 


Page 
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Chapter  1 


introduction 


The  oMd  to  achlov*  reprocludbt*  rasutta  In  ttw  fonnatidn  o4  oomposN*  matwlals  has  prompted 
consktomble  intorest  In  rnaii^nals  resoarch  ocfnmu>ct/.  Soverai  meCKXto  are  avatebie  to  produce 
such  matertals:  Iquid  metti  Inffltrallort,  povvder  metalurgy  (P/M)  procaasing,  tonrallon  ol  oompoallaa  Irom 
the  mad  and  apray  daposMon  tachntquaa  era  but  a  tear.  Thoaa  lachniquaa  aMch  uaa  tia  IquM  metal  aa 
a  attrting  pcM  aaam  to  provida  an  Inaxpanalva  maana  ct  prooaaaing  maui  maktx  compoahaa  (lyDylCs). 
In  many  caaaa.  howavar,  oonoama  about  poaafcla  contamlnaflon  of  tha  maMi  maiartal  aMa  In  tha  Iquid 
form,  as  watt  as  proNbMvaly  high  matting  points  make  Iqiid  metal  lachnlquaa  inappropriala.  In  such 
caaaa,  tie  powder  mataluigy  route  pfo\Maa  a  batter  oomrolad  maana  of  terming  tea  product  An 
ovarvlaw  ct  tea  P/M  prooaaaing  route  la  ahown  In  Figure  1*1. 

Thia  approach  doaa  have  Ri  own  teharanl  probtema  Tha  raquInamarN  ol  a  unionn  dbfetMdon  ol 

wW  fWmWQnmnWfm  fimns  m  flOl  OTi^fB  wWmmf  VWPWl  VI  r  nMa  W  piOTMin  Vnw  m 

fiwuny  vwQv  (10  voniwv  m  pravnwy  ow  oi  viv  iMni  w  fwiiofovmvni  nMravt  wmm  of  m 
ootteoMalon  prooooo  bwoMng  protengod  aapooiaa  at  lilBh  temporaluraa  and  pooaWy  Mih  praoauroa. 
WWte  aoma  radtelribuion  ol  tea  oonateuanl  powdara  ntep  occur  dudng  tea  conaoldtetew  itete  I  te  In  tea 
mtidng  atega  teat  tea  characaor  ct  tea  oonyoalo  W  ba  dotewdnad,  and  >  la  tell  ttep  which  la  tea  moat 
crtecat^  Aa  Wi  tha  caia  ol  mataMnattbi  onmpotete  ayatema,  atedurao  teal  hawa  two  or  mart  conslluante 


1.  The  development  o(  a  fundamental  understandhg  of  the  mechanisms  associated  with  the 
blendhig  of  MMC  powder. 

2.  A  study  of  dte  extent  ttiat  powder  characteristics,  operating  and  design  varfabies  affect  the 
formation  of  a  (flsperse-homogeneous  MMC  powder  mixture. 

3.  ktentffication  of  the  scaie-up  oitarta  for  MMC  powder  bierKing,  using  physical  modeling 
criteria 

4.  Oeterminalion  of  the  refationship  tMtween  the  qualty  of  a  biended  powder  mixture  arxi 
subsequent  consolidation  via  HIPing. 

In  the  next  year,  H  Is  expected  that  a  oompreherwtve  study  ol  the  first  three  wl  be  completed.  An 
additional  Issue  to  be  addressed  Is  IhsI  of  the  impcriance  of  ensuring  a  uniform  mixtute  at  the 
microscopic  leval  It  is  not  expected,  however,  that  In  tta  thna  ramalning  Ms  wM  be  adressed  in  a 
comprahanalve  matwar. 

Tha  report  la  dMdad  Into  two  main  sedlorw.  ona  detaffing  a  tmough  afuriysie  of  fta  Maralute  In 
the  area  of  mixir>g  and  segmgatton  as  It  appBee  to  MMC  lystams,  and  a  report  on  the  experimental 
program  adopted,  which  Inchjdes  detals  of  tfte  reeulls  achieved  to  date. 
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Chapter  2 


Previous  Work 


There  are  a  vailety  of  mixer  systems  avalable  tor  blending  MMC  powder.  These  range  from 
V-bienders  and  ribbon  bierKlers,  where  the  mixing  action  Is  complicated  and  therefore  rwt  easly 
characterized,  to  the  more  simple  geometry  of  the  hortzontai  (and  someSmes  Indned)  rotary  blenden 
Since  in  the  last  case  the  bed  action  is  reiaKveiy  uncompUcaled  and  can  be  oontoHed,  horizontal 
cylndars  are  moat  often  used  In  basic  research  to  dstomtine  tondamsntal  mixing  and  segregaSon 
mschanisma.  This  is  due  to  tie  tact  tui  the  oonttmton  from  tie  various  ftjndamental  mbdi^) 
mechanisms  (to  be  described  taler)  can  be  controled  In  Ms  spparakjs.  As  a  result,  the  current 
investigation  wN  deal  with  Ms  systom  exclusive^.  In  order  to  dstermfrie  tie  best  starting  point  tor  the 
current  study,  previous  worfr  must  be  reviewed  and  analyzed.  Whie  twre  are  hundreds  of  papers  In  the 
Meratore  dsaing  wMh  tie  mixtng  and  segregaton  of  partlaiaisa  and  powdars,  only  a  amal  fracton 
present  resuiia  ralavart  to  mixing  lAIC  powders.  Thus,  Ms  chaplor  srii  focus  on  an  analysis  of  tie 
pertfrient  Htorabse  to  MMC  oowdsr  oroosssfriQ  bv  UsndbiiL  A  reasonable  tlart^wi  Debit  Is  a  dbouaaton  of 
tie  types  of  bed  iTOfon  tial  con  be  enoounisred  when  using  hortzontai  rotary  blondsrs.  Next,  tie 
Msralure  dealng  witi  pure  mixing  wM  be  examfriadt  tolowed  by  tat  oonoemed  wth  asgregalon.  Flrialy. 
a  review  of  the  ellect  of  changes  fri  tie  gas  abnoaphere  wB  be  preaertad. 

2.1  Bad  3fthftvlor 

The  shape  of  tie  bed,  tie  type  of  bed  molon  ooourtng  In  a  hortzortal  rotary  cylndsr  and  tie 
ailandant  partoubte  tow  pattsma  tor  oohastortasa  aolds  have  bean  aludtod  ai^arfriisrtai^  bi  some 
deist  and  have  been  matismaftcstv  modstsA^Tha  bod  moton  haa  bean  toisid  to  be  a  sp»«ww«*  of 
the  loiotonal  spaed  of  tie  cylndsr  bebig  usedl  ttosnourt  of  maiaiWpreaart  wthbi  twdnm,  tieaizaof 
tie  evindsr  bsbn  used,  tie  stole  and  dvnamle  snctsa  of  raaosa  of  the  malsrW  aa  wsl  aa  tie  oartole 

mmm»  9tM  WpmMmS  ^  PM  IflQMn  IMP  PPPH  tUMPMIIs  VIMP  MPIQ  IPIWi9» 

oaocadbig.  calaractng  and  osnbtbgbig  (see  Figure  2-1). 


At  low  letatorat  spssda  or  lew  Freuds  numbers,  tie  bad  may  undergo  slppbig  wotoa  TMahaa 
been  dtoouased  to  be  oomposed  of  three  dMarart  motons,  dapendbig  on  tie  apeoMo  value  of  tie  bed 

M^l  Or  por  0010  010  rPUBOtM  OpOM  MOWl  W  iP^M  VIQm  DM  riM  HOJOUil  VipM*  rOP^  VIO  PM 
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may  move  as  a  whole  along  with  the  cylinder  as  it  rotates.  At  the  point  where  the  frictional  forces  aior)g 
the  wafl  are  exceeded  (the  maximum  angle  of  repose),  the  entire  bed  sides  down  the  waU  and  comes  to 
rest  at  an  angle  less  than  the  static  artgie,  from  which  point  the  process  Is  repeated.  Second,  the  bed 
may  move  with  the  wal  but  at  a  lower  rotatiortal  speed,  with  the  solids  roICng  slowly  along  the  free  surface 
of  the  bed.  Flnafly,  the  bed  may  adopt  a  paiticuiar  position  along  the  cylnder  wall  where  it  Is  observed  to 
slide  contlnuousiy.  Since  sHpoltrg  results  In  Bttle  relative  motion  between  the  pa.'tkxiiates,  tftis  type  of  bed 
motion  Is  undesirabie  as  it  results  in  little  mixing.  In  our  experimental  worK  steps  have  been  taken  to 
ensure  that  there  is  sufficient  bed/wati  friction  to  el&rrlrwte  the  possibulty  of  the  bed  sipping. 

For  higher  bed/wal  friction  arxi  low  rpms,  motion  of  the  bed  would  be  a  siumpirtg  mode.  This  is 
characterized  by  the  bed  moving  up  with  the  wal  to  the  static  artgle  of  repose,  at  which  point  a  wedge  of 
solds  separates  from  toe  buir  of  the  bed  and  rols  down  toe  bed  surtaoe,  tesuMng  to  a  reduced  angle  of 
repose.  The  process  then  repeats  NseN  to  a  regular  manner,  toe  slumping  lequancy  being  dependent 
upon  toe  rotaitonai  speed  of  toe  cylinder,  toe  physical  propeilles  of  toe  material  and  the  cylnder 
(lameter.^ 

Further  Inaeases  to  the  speed  results  In  a  transition  to  the  rolng  mode.  The  bed  to  this  phase  of 
motion  Is  characterized  by  the  continuous  motion  of  toe  solds  over  toe  bed  surface.  At  low  rotatlonai 
speeds,  the  bed  has  a  IM  surface  and  adopts  a  oonetant  angle  of  todfnation,  known  as  tfie  dynamic 
angle  of  repose.  At  higher  speeds  the  sotids  to  toe  upper  oomer  of  toe  bed  ride  lanhar  up  the  cylnder 
wal  before  detaching,  resulting  to  a  Wdney-shaped  bed  cross  sectioa  At  this  point  the  bed  Is  said  to  be 
to  a  caacadtog  mode.  It  Is  this  mode  which  Is  gsneraly  associated  wRh  toa  beat  mixing,  as  tha 
particuiatee  are  subjected  to  the  maximum  shearing  adtonwttoln  the  bed.* 

tocreasing  toe  speed  past  toe  cascadtog  regime  readls  to  caCaradng.  to  ttia  mode  toe  solds 
detach  toamaelvea  oomplstsly  tom  toe  wal  at  tha  top  of  toe  bavai  They  we  then  lung  torough  the 

ilMDOVO  Of  VW  QjfWnOm,  MMiiy  Of)  Ww  iUnaOO  01  mw  DM  SI  MIDD  POVW  nMf  0)0  DOQOII)  01  VlD  DM. 
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experianoad  by  toa  bid  (toa  critical  speed,  wMi  toa  Reuda  number .  Fr  •  w^VQ  •  1 )  oerWilugtng  begins. 
As  to  toa  case  of  toa  sipping  moda,  vary  IRIa  mbdng  ooowa  dua  to  tha  fact  toot  ihwa  Is  no  relative 

pwGiD  nioMfi  m  ro  niooD. 

RhM  bMn  cImHv  thown  Diii  Did  miIdhb  d^wmImd  foi  bod  an  Did  FfoudD  numbif  flD. 
tia  ratio  of  toartial  to  graatiational  Ibtose),  tie  peroani  M  of  tiw  cylnder,  toe  static  and  dynamic  anglas  of 
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havtog  dWiwem  dtomalsfs  and  reawsd  al  dtifarent  WPMs,  tie  aama  bed  motion  wtil  be  obaarved  at  the 
soma  Froutfa  rwmbar  and  percart  IIL 
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For  ttie  bufc  of  mixing  operations,  the  useful  range  of  motion  exists  between  the  rofflng  and 
cascaci:;g  modes.  As  will  be  discussed  later,  segregation  can  occur  In  rolOng  and  cataractlng  beds  where 
i  (Terences  exist  In  the  physicai  properties  of  the  mateitste.  Futrtennore,  K  is  important  to  note  that  the 

extent  of  '.ite  regions  of  the  various  bed  motions  changes  with  the  composition  of  the  bed.^  At  a  given 
RPM.  the  presence  of  segregation  can  therefore  chartge  both  the  nwtion  of  the  bed  as  well  as  the  degree 
and  effectiveness  of  the  mixing  operation,  in  order  to  determkw  optimum  mixing  conditions,  it  Is  not 
P  suff.d<ir,t  to  observe  bed  motion  with  particles  of  unlfofm  properties  or  characteristics  (le.  size,  shape  and 

dartsity).  in  order  to  understarid  the  effect  of  the  bed  motion  on  the  segregative  behavior  of  a  rr.txiuie,  the 
range  of  nx>tlon  In  the  system  must  be  analyzed  for  the  bad  mixtures  which  wffi  be  used  In  segregation 
studies.  However,  H  would  be  expected  that  the  scale-up  parameters  of  bed  motion  of  uniform  mateilais 
^  properties  wilt  also  play  a  role  in  tne  bed  motion  of  soiids  with  a  range  of  properties  (le.  size,  shape  and 

density)- 

II  should  be  mentioned  here  that  In  al  caam  (exoapt  perhaps  the  oenMuglng  mode)  the  flow 
^  patterns  hi  the  bed  may  be  rflvided  Irtto  tiree  separate  regiont.^  **  This  Is  shown  plctorlaly  In  Figure 

2-Z  hi  ths  passive  region,  very  little  pa-tiefs  motion  le  observed,  and  malarial  la  transported  through  this 
region  without  changing  Hs  position  In  the  bed  The  adKe  region  of  ttie  bed  (the  *edive  layer*  or  ‘shear 
layer*)  comprises  a  smal  portion  of  iha  oed  usually  only  a  few  partiefe  dimensione  hi  thiciaiess.  it  is  hi 
^  thhi  region  tiiat  the  bufc  of  the  mUhig  and  segregation  action  occura,  eapedaiy  at  lower  rpm’a.  AawHbe 

seen  laiar,  the  Inieradlon  between  partidee  in  Ms  layer,  voMa  and  even  tie  mbeer  aooouni  for  tie 
redstrtiuaon  of  nwlarial  observed  m  some  cases  (tor  beds  witi  graaisr  tian  S0%  M^*).  a  'dead*  or 
'zero-veiocity*  zone  can  ooour  m  tie  bed  Partcise  which  And  twt  way  Inlo  Me  area  rernafei  tapped 
^  here  and  are  removed  from  further  intsraetton  witi  tie  remainder  of  tie  bed  Thie  sons  le  of  specW 

hnportance  m  systwne  showing  segregatve  bshevtor,  but  am  also  oocur  m  VsaT  sysisme  fw  oerMn 
oomblnattons  of  tie  opening  paramafsra.  Thus,  M  expertmanis  m  oia  study  were  ooidiicled  wfti  leee 
than50%fl;L 

2.2  Mixing 

EsdyworhfeoueeedoneffslstiiaiatiwettietmdMnewialmechrtsmeieeponsMefattemfxInQ 
acton  obaarved  In  at  types  of  mbiara.  UMy  wm  partiipe  M  to  dteoiy  sMe  fw  meoNMsma 
^  Invafved  In  mlxinQ.*  These  aa: 

t .  CMMIM  •  Thto  invefvee  tto  ledbMbulon  ef  pwtotoe  due  to  twir  ratoom  nwMn. 

2  ConvacMen  •  Qroupe  of  partclaa  tram  one  tocalon  In  tie  acids  mass  to  awtwr. 
t  3- Mwar  •  TNe  mechatam  eoours  when  shea  plawe  aa  famad  or  oeow  wIMn  toe 
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m  (Mrtaiar,  Laoey  aaserted  that  in  caae  of  mung  of  mono-sized  partclee  in  a  drum  mixer, 
dWuaion  was  fw  donSnanl  mechanism  in  mbdno.  Diflusive  mixing  was  acoompished  by  the  random 
scaRering  of  particiaa  over  the  surface  of  tie  bed,  and  tfws  Vie  mixing  planae  were  leabiclad  lo  Vie 
surface  layers  of  Vie  bed.  R  should  be  noted  VMI  Viis  dWusIve  mixing  mechaniam  waa  agpled  lo  the  axW 
moung  of  saraMr  pamcMO.  The  pteaenoe  oi  dnuaion  as  a  moung  mecnansm  naa  oeen  lupponeo  oy 
addWIonal  worhsie,^  but  they  reeaalad  the  ounbtbutlon  of  addWonai  mechaniama  that  are  worfh 
examining  In  more  dotal. 

OonoM  and  Roaeman'^  studtod  both  the  axW  and  radW  mixing  choradarisVts  ot  dnan  mixera. 
incy  louno  rai  vof  imiQ  n  vi#  vvoh  qpscsqvV  nvonQ  oocunvo  «i  m  wm  oi  oranQoo  ■i  wio  pvoi  ot 
ctreuMon  of  the  parfkla  of  the  bed.  TMa  can  be  undaratood  In  lamis  ot  the  reglans  MonMad  In  Figure 
2*2.  They  pooiuMadViai  the  partdaabaweang  through  the  adKehvara  In  the  bad  wSfol  bio  volda  of 
the  next  layer  doeai.  Wien  the  parVefe  la  oanlod  biio  the  paaafee  layer,  R  ahould  not  change  Ra  poaRion 
refaVee  to  tha  maaa,  and  any  change  bi  the  radM  Aeolon  should  than  occur  only  ■  the  partlola  frairais  a 
dHloroni  pall  In  Via  aoBva  hyeia  and  Vaa  gala  tapped  al  a  Wlorani  poaMon  bi  the  paaalva  Rvar  than  R 
ooQupiM  onpnOTqf*  i no  oporanQ  oi  vono  ono  cudoo^uotw  oiniiiy  ot  wot  pvwoOTO  wi  wot  phoivo  oQfOTw 

wOi  OWpOTPOTO  Ot  00  O  tOMOT  OT  OTPHWiOWi  WI  WOT  WMOOWy  OWOOWOTI  WOT  IWOT  DWQ  fOQOTIOT*  ■  WOTW  lOTWvO  WOW 
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mono-slz9d  parddes).  For  axial  mixing,  they  separate  ttie  bod  Into  bwo  regions.  Awsqr  from  the  end  walls 
of  the  cylindor,  mix!i>g  was  found  to  proceed  slowly  and  ttrus  thought  to  be  a  result  of  (flffusive  processes 
only.  Near  the  end  walls,  however,  axial  mixing  was  aoceierated  due  to  the  presence  of  steep  velodty 
gradients. 

Later  worlt  by  Rutgers'*-  also  considered  both  axial  and  radial  mixing.  The  best  radial  mixing  was 
fouTKf  to  occur  for  bed  speeds  ranging  between  the  toirirrg  and  cataracting  modes  tor  beds  conrposed  o(  a 
single  particle  size.  Fcr  longitudinal  n^lng,  he  again  supposed  the  concept  ttiat  it  is  the  resiilt  of  random 
deflect'ons  at  the  surface,  with  the  rate  of  axial  mixing  Increasing  with  decreases  in  the  particle  size. 

Later  Cahn  and  co-worVers,*  again  usirtg  systems  in  which  the  beds  were  composed  of  particles 
with  similar  physical  properties,  oonflrmed  the  preserroe  of  the  diffusive  mechanism  as  the  mixing 
mechanism  predominatirtg  for  axial  mixing.  Again  the  action  was  limited  to  the  active  layaia  in  the  bed 
(and  more  specifically  ttw  surface  of  tie  bed),  tie  tflhjslon  resuMng  from  m  axM  oomponani  to  tia 
motion  of  tie  particles  across  the  sudace  oouplad  wMi  tapping  of  tie  partclae  bi  voids  In  tie  underlying 
actve  layers.  Subsequent  wort'*  led  to  tie  induslan  of  partide-iTiixer  coflsions  as  a  oonfrtMJticn  to  the 
diffusive  (Tiechanism,  and  eficrts  to  develop  a  probabUstc  model  of  the  pertlde  motion  led  lo  reasonable 
estimates  of  the  ‘diffusion*  coetfident  Dfffuslon  was  found  to  depend  on  both  tie  load  bi  the  cylnder  and 
the  speed  of  operation. 

Work  by  Hogg  el  aL*^  and  Hogg  and  Fuefsienau**  oontnued  to  axambia  tia  roto  of  dttoelon  bi 
mixbig  bi  rotary  cylndere.  Hogget  al.*’rsfbiadtia  dtlMtonmodst  for  axWmUng  to  bidudatia  effect  of 
tw  presence  of  tie  cylnder  ends  lor  long  mbdng  tmea.  ThamodWcatoncomeatoaiadWeranHofubon 
to  ttia  dtkjslon  equation  tor  long  and  short  tbnae,  lor  shofi  tmae  tia  mbdng  goes  aa  (where  N  It  tia 
number  of  revokillons),  whereas  as  al  long  ttmee  tia  mbdng  proooads  at  axp(N).  As  bi  tiacasaof  tia 
works  of  Cahn  and  Laoay,  tw  mtxbig  pieoaada  as  tw  nwvenwnf  of  a  plww  dMtiakni  bont  along  tw 
axial  dkeclon.  RadM  mbdng  was  oonsktorad  bi  tw  Mar  work.’*  bi  Ma  Hogg  and  Fuaialsnau  propoaad 

VM  VW  ViMf  mVCranWn  Of  Lmmj  m  mOUtff  m  COnvraMR  Of  Ww9  Qmvfm9f9  TO  QMUW9  nmnViWIL 

bi  tils  casa,  tw  mixbig  of  matertai  bi  tw  radM  dbecton  oooun  as  a  lettA  of  tw  bdsrctwnga  of  portcios 
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Tba  oonvectve  oomponani  to  tw  mbdng  prooaaa  oonwa  In  aa  a  nw«w  of  reducing  tw  aetonce  over 
which  twdbkwienoooura.  Thtoreeutsbiasbtalsrfaruoluretotwbedacweetwcioaa  aactow.  rdti  tw 
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components  into  an  appareniiy  weS-mixed  bed  (macromixing)  and  the  short  range  ntixlr^g  required 
between  regions  rich  in  orie  component  to  regions  rich  In  wMther.  As  wifl  be  seen  In  the  next  section,  this 
has  important  coosec^jances  In  P/M  MMC  applications  where  the  microscopic  disirttution  determines  the 
properties  of  the  finsd  ccnscildated  product 

More  recent  developments  have  begun  to  cast  some  doubt  on  the  vatkfity  of  the  diffusion 
mecharrism  as  a  moans  of  explaining  the  observed  mixlr)g  phenomena  Bridgwater'^  contends  that  the 
ctiffusive  process  may  actuafly  be  a  purely  oonvective  process  which,  due  to  tha  prcbabiRstic  rtature  of  the 
mixing  process,  e^)pears  to  be  rflffusive.  Also,  Bridgwater  Indicatod  that  some  rerfistilbution  of  the 
particies  may  occur  at  a  partide  to  partide  (or  ‘micro-’)  level  in  the  passive  region  of  the  bed,  and  that  this 
redistribution  is  likoiy  not  a  result  of  any  diffusive  process.  Later  work  by  Scott  and  Bridgv/ater'* 
proposed  a  different  mecf’ianism  for  mixing  to  occur  to  account  for  this  micro-disSibulion.  They  envisage 
the  bed  ae  a  serfea  of  ‘convective  blocks*  surrounded  by  fatiure  zortea.  These  convective  Mocks  account 
for  macroaoopic  movamant  of  the  particulale  malerlais,  whereat  mixing  at  the  microeoopic  level  would 
occur  as  a  <’  suN  ol  interparticfe  percolation.  They  predfet  that  this  mechanism  would  become  Important 
for  purtir  es  greater  than  30  pm,  and  be  commorpiaca  for  mixturee  with  particle  sizes  greater  titan 
too  pm.  I  work  Indicated  that  the  applicalion  of  strain  to  the  shear  zones,  resulting  In  expartslon  ol 
the  buk  suffldent  to  aMnw  partldee  to  pass  through  voids  between  other  pamdea,  slowed  percolation  to 
proceed,  artd  that  the  rate  of  mixing  due  to  tins  mechanism  depended  on  tite  amount  of  strain  imposed  on 
the  material  and  tite  relative  volumes  of  tite  ounsltiueni  peillcfee  (tite  density  having  baan  fouid  to  be 
unimportant). 

It  Is  bitportanl  to  realzo  tite  previously  mentioited  works  reprseerti  only  a  smal  portion  of  ttta 
avalabfe  Nieralure  on  mixing,  much  work  having  baan  dona  to  avaluata  tita  efldency  of  btdustilat 
systems  and  atfemative  mMers.  It  is  alse  nofifbte  tiid  In  al  of  tite  cwaa,  tite  butit  of  tite  work  was 
pertormed  on  systems  In  which  the  pertidee  showed  no  stgoWIcant  dMerences  In  physical  propsrtiet  (size, 
shape,  dettely,  etc)  and  ihua  are  Imled  bt  tiiair  usefukteit  to  tite  understandktg  of  rsat  aytlamo  etiiere 
such  Ueoliy  in  tite  pwtide  properties  raraty  exfeis.  The  dfecueslone  above  have  focuwad  on  some  of  tita 
more  Importartl  siudfea  looMng  at  tho  luncfemanMa  of  tiio  mUng  prooeee,  sapscfMfy  tiwl  lypIsJ  to 
rotating  cylndsr  ntixors.  Thoeo  sfudfee  dearly  ouSna  tita  meohanfems  by  wMch  particles  low  bt  mixers, 
bt  sysieme  wltit  fendendee  for  segrsgatiort,  tite  mbdng  wechanfeme  dsecifcsd  above  vtii  stii  be  prasetti. 
The  extent  to  which  titey  wM  conatwie  to  tite  ftati  iMs  of  tite  mbduta  wM  depend  on  the  segregative 
fendendee  of  tite  mixtufa.  It  la  titua  Imporfent  to  study  tite  Iferalure  dsMbtg  spacWcaiy  atitit  nen-ldeal 
tyswiW.  I  iw  ■  OQfw  V)  ww  lOWMMng  mciovi 
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2.3  Segregation 

DetaOeO  Invasagations  Into  the  mixing  properties  of  beds  containing  partides  of  notvuniform 
physlcai  properties  criminated  In  the  sixties  with  the  work  of  Donald  and  Roseman'^  and  Campbell  and 
Bauer^.  Donald  and  Roseman  reported  the  fonnaSon  oi  segregated  regiorts  the  bed  of  a  rotating 
cylinder  for  cases  where  significant  difforences  In  the  physical  properties  of  the  constituent  particieo 
existed,  in  their  case,  they  considered  only  differences  In  either  the  size  or  density  of  the  materlais  used. 
They  found  that  segregation  could  occur  In  both  the  axial  and  the  radial  dlrectfons,  artd  that  the  fnal 
shape  ot  the  segregated  regions  depended  on  the  static  angle  of  repose  of  the  materials  being  used.  For 
the  case  where  the  segregating  material  (the  smaller  or  denser  material)  has  the  lower  angle  of  repcse, 
and  considering  a  situation  where  there  are  negHgtoie  end  effects,  a  segregation  core  forms  along  the 
length  of  the  cylinder  at  some  point  below  the  active  layer  of  the  bed  (see  Figure  2-3  (a).).  When  end 
effects  become  Important  such  as  in  the  case  of  increased  speed  and/or  rough  walla,  the  core  at  the 
endi  of  tfre  cylinder  become  urtsfable  and  amal  reglona  of  bartdng  peiperMicuiar  to  the  eyinder  axis  may 
form  at  the  ends,  as  shown  In  Figure  2-3  (b).  Finaly.  for  ttte  case  where  the  segregating  material  has  the 
higher  static  artgia  of  repose,  the  bed  wtii  form  ortly  bands  alortg  lartgih  of  the  cylinder  (Figure  2-3 
(c).).  Their  explanation  tor  these  effects  lee  with  the  fact  that  changes  In  tie  angle  of  repose  wa  affect 
the  velocity  which  the  materia  sees  as  It  travels  down  the  surface.  For  low  angles  of  repose,  the  material 
wfll  have  a  low  velocity  along  the  surface,  and  thus  the  chances  tiat  it  can  drop  twough  the  active  layers 
without  being  scattered  axially  Increases,  and  ttma  the  radW  segregation  core  may  be  formed. 

OonaM  end  Roseman  abo  mvesttgabd  the  role  of  material  ^wd  prooeee  vedables  on  the 
segregation  phenomerwa  They  found  thel  for  dsnetty  and  afze  raloe  greater  then  t.2,  eegregatton 
occurred  rapMly  and  the  ttrutt  form  of  the  mixed  bed  wae  one  of  the  oonflnuraHone  explained  above. 
Contrary  to  some  of  the  Ideas  of  Rose,'*  Donald  artd  Roaaman  also  found  Stai  lha  formalon  of  lha 
8#flr>jin>o  rvgnra  on  noi  oopwio  on  ww  iw  pooiwfi  ov  vw  oompononn.  mwy  o^wfnwiwo  w 
lha  rata  at  which  segregatton  occurs  decreaiee  wfti  Increaeing  percent  finae  (tor  p«flclee  dNfsilng  m 
size)  and  would  be  slowoet  for  equal  vQlumee  of  ooame  and  ipartclee.  Thie  wee  due  to  a  decrease  m 

mo  nuiiiooe  ov  voo  voioo  womdio  p9c  wio  ofmoot  ponKioo  vO  pHi  into*  e  mMjfi  moy  oooon^oo  ViS 
shsM  of  ttie  malerW  had  MMiarandv  Ma  edael  m  ttia  samoadve  behawtor  wtwn  txamarad  Is  itza  and 
density  dWIarencaa.  R  ImiI  dear  wfMf  actual  aba  of  mabdaie  wae  uaed  In  Ma  study,  however.  II  wl  be 
teen  Mar  ttwi  shape  efbcis  can  be  bnportenl  tor  bna  tMbeible  (pewdere). 

mto  osuor*  wioncMi  iomo  ov  TOM  oonoP|M  m  Mvnro  to  mmi  oi  cnviQM  vi  mo 
perttcle  ahepa  on  ttra  sagregalve  behawtor.  They  oorfbmed  the  Ideal  of  Dondd  did  Roeemin  twi  the 
degree  of  segregalon  enooumsred  depends  on  Mt  ibe  rabo  of  tha  pertdee  balr^  nbxad.  Thay 
Mpreaead  ttieir  obaervalone,  though,  as  bta  votume  rdto  of  bie  partefea  bebiQintaad,  In  ooneUoitng  ttta 
ofleci  td  cfMnooe  bem  sohetlcal  oartcloa  to  noodto4ha  DOitlolMi.  tMv  uaad  9w  wofeM  of  IndMchMl 


SMTMMiid  fMlon  toriMADn  (alflDiMf  IrcM  DofMid  nd  RoMiMn^^ 


i  1^7  mA* 
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parades  to  detemiino  an  equVaient  spherical  voluma  for  the  acicuiar  materials.  They  then  found  that  for 
mlxiures  of  acicuiar  and  spr<er1cai  particies.  segregadon  Mas  minlmtzed  for  those  cases  where  the 
equivaient  sphedcai  volume  was  equal  to  the  volume  of  the  spherical  paiticiee.  Thus  ttte  volume  of  the 
partidea  was  found  to  be  the  deterr>ining  factor  In  segregation,  rather  than  the  shape.  Also,  Campbelf 
and  Bauer  detenrlned  th^  the  density  ditferencss  were  minor  «4>en  compared  to  differences  In  the 
voiume  of  the  mateifais  being  mixed.  Thto  was,  however,  for  a  density  rato  of  only  1.26,  which  Is  very 
near  the  limit  stated  by  Don«Jd  and  Roseman  for  the  density  to  have  an  effect  on  the  segregetfon. 


Later  work  by  Ullrich^*  consktored  that  two  segregative  tendeiKiee  would  dominate,  that  due  to 
size  differences  and  that  due  to  density  ditfersrrces.  Usli^  sleol  aiHl  glass  baits,  he  determined  that  a 
segrega  t'd  care  formed  afor^  the  cylinder  axis,  composed  of  the  finer  (or  denser)  material.  The 
experfmenis  were  reetrictod  to  consider  tfte  effect  ot  changes  In  the  size  ratio  and  operating  speed 
(expreesed  as  tt^fVg)  only  (athough  no  effect  of  changes  In  tie  dnjm  spaed  ware  rsportsd).  Hawasabla 
to  show  tiat  to  some  extertt  the  tertdertcy  to  form  a  segregstsd  core  oat  be  minimized  by  maMng  Vie 
dSTtter  pentde  larger  than  the  other.  For  a  siza  ratio  of  danaer dinar  of  1.4:1,  segrsgaloo  was  mk'itmized. 
He  also  poinied  out,  however,  thel  at  the  point  of  mininujm  segregation,  tita  mixture  oouSd  not  be 
conelderad  to  be  stochastically  weti'inixed  This  Imptiee  that  elmlnalcn  of  segregstion  is  fteiy  to  be  very 
difncuii.  am  tttal  macroscopfosiy  wel-mlxed  beds  may  stil  show  agnWcsnt  ssgragattoo  at  the 
mlcroaoopic  level 

nogars  ana  wemants  looaao  ■  via  anaci  of  via  roWRaw  spaao  it  mora  asatii  lor  nsxnvaa  oi 
coarse  yaraSar  mafortalB  (SOtVtiOO  piw).  For  tow  rpme  and  short  oparating  »naa.  a  sagrsgaisd  cora  was 
obaarvad  liong  tiia  langtii  of  tiia  mtaar.  Aa  tiia  opacafcn  tima  was  bterstaad,  tita  Inaa  wart  saan  to 

fn0¥9  lOWVOi  mW  fflQi  OI  ¥iO  fTHXOr,  IOMV1B  OI  WyO  OOfW  ■  WlO  OraO  01 110  l1V0r»  OnO  m  WlOO'SlipiOIOQ 

ragfon  In  tiia  oaniar.  focraassa  In  tiia  rpm  lad  to  mors  band  tomwlon.  wtoi  tiia  numbar  of  bands 
incraasing  lor  tneraastng  rpm.  Tha  pareant  Bnes  waa  obaarvad  to  totoci  tiia  sIza  of  tiia  bands  formed,  but 
eitiy  at  Ngher  rpm.  Rogers  and  Ctomanto  also  notod  tiial  aean  tor  ayatow  wtoi  sbwlsr  physical 
prapsttias  batoaan  tiia  panfoisa.  sagragation  can  atii  ooour.  d^plto  tiw  tool  tiwl  tiw  bad  may  appaw  to 
ba  idMMtily  homoganaoua.  ThlsagtoniRtpliatiiaisagrsgtotanar>  andGPoaooploaotoalsbnparlinL 


TNaiOBipolniwaiboniaoulby  tiiawarttofSauor.**'**  IMng  ban  vid  eeppar  powdars  bi  ate 
•  ranges  typical  to  powder  mstotiuigyapploatiens  (-60 -aoOiMiiKtaMr  was  dbto  to  toah  to  tiia  afsol  of 


waoroaoopic  isgrsgtoton  bi  tiiaaa  tyatowa  eoowiad  tor  bed  dteianooa  bi  tiia  dwtoto  »  * 


JWwanoas  bi  tiia  mosa  of  tiia  bidMduto  partetoa. 


Sauor  toM>  orsdto  part  of  tita  sagrigtolen  loautong 
padktoa  NHir  M  Ms  vtodi  to  tiia  towsgoi  Agton 


sagrogatiofi  was  seen  to  Incraasa  wHh  IncpMsas  in  tha  saa  ratio,  and  tiza  vartabons  aooountad  tor  mora 
ot  tha  obsarvad  sagragabon  Stan  did  Vw  variations  in  dansity.  Sauar  also  showed,  however,  that  tha 
shape  of  tha  partidas  aflactsd  tha  mbdng  and  sagragalion  processes  in  these  materials.  Inaeased 
surface  interfarence  between  breguiar  partidas  was  found  to  reduce  the  rale  at  which  segregation 
occunad,  and  this  affect  incraased  with  decrsasas  m  the  ovaraN  partide  size  due  to  tt>e  attendant 
increase  In  the  surface  area.  At  the  microscopic  level.  R  was  found  that  die  size  ratio  had  quaBtalivaiy  the 
same  affect  as  in  the  macroscopic  case.  In  this  case,  however,  tie  absoluta  size  and  shape  of  tha 
partidds  deterrrJned  mora  crtbcaRy  the  dWrtbutfon  observed.  Sauer  found  that  as  the  parlicie  size 
<i<^::Teased.  the  distribudon  became  worse,  but  that  this  could  be  mlnimizsd  scmewhot  by  the  addlion  of 
an  cpprcprtate  mixing  addittva.  Also,  N  was  shown  that  M  avsn  one  of  tha  oomponortts  ot  the  bad  has  an 
lrT;»gular  shape,  good  mixing  at  the  microsoopic  level  was  not  echlavad.  This  ci3\.1ously  has  Important 
consequences  tor  MMC  appicabons.  where  die  reinfoicenient  phase  la  not  Ikaly  to  be  aphertcai  with  a 
smoodi  surface. 


To  dda  Doint  Rnte  has  bean  sakf  aa  to  die  mechanisme  imvemirin  die  seoreoadon  oraoaaa.  Moal  of 
die  above  worh  relied  on  tradRianal  tnfarpretadone  of  die  phenumena  governing  tha  mofon  of  tha 
particles  (i.e.  die  motion  being  governed  by  convective  and  dMusIve  mechanisnis).  WHams  asseils. 
however,  dial  in  segregative  processes,  ddterent  mechanlMns  govern  tie  modon  ol  the  paidcles^.  He 
staise  more  lormaRy  dial  legregadon  can  lesuR  tom  tour  taclora,  these  bebtg: 

B  dWsrenoss  bi  pardds  sizs 

•  dtffsrsnoss  bi  partfds  dsnslly 

•  ddfstenoss  bi  pardds  stagw 


•  varfalons  In  pardda  ledfcnoa 

In  dies#  casaa  tha  mofon  of  tie  parfdaa  wS  ba  govtmad  by  tia  folowtng  tnacNddama: 


biwfdoh 


oooura  due  Is 


over  whidi  tha  parfdsa  dawel  on  fia  turfaca  of  dia  bad. 


•  f^fwWOn  *  m§  99mMm9Q  VI  wl9  MGVOn  w  llUUim^  W  ■l¥'OV^W  V1V  IHOVOVI  m  pWGM 

tvougyi  voMs  In  ffia  bad  Tfda  msohanlvn  f«i  baan  tfudad  la  bi  tw  predoue  wotb  on 


aiWbtafoii-lnwfdchmofnnefpattclaatdqughftabadoocutaduefe»fBtoialnfiabad 
voldaga  reauRing  born  aatama^  bnpoaad  vtbralpfv.  This  macfianlmt  Is  of  Mda  Rnportanoa 
bi  rotary  cylndara, 

Tha  roia  of  tha  iTbt  two  wacftanldna  has  baan  addraaaad  bi  vary  low  studtea.  Tbo  moat  nolfblo  bivohro 
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ttM  \Mafl(  of  Heroin  et  al7  and  Nitvanand  et  al*  In  examining  the  segregation  behavior  of  a  model  rotary 
Kan  system,  Henein  et  al.  round  ^lat  sagregattcn  occurrad  both  axialy  and  radtaiy,  and  in  parUcular,  for 
bed  motions  in  the  slumping  and  roAing  regimes.  The  segregated  core  was  found  to  have  the  same 
gerwral  shape  as  the  bed,  and  lay  at  soma  point  below  the  active  layer,  though  usuaily  in  the  top  hail  of 
the  bed.  Based  upon  their  observations  of  the  formation  of  tite  core,  fftey  postulated  that  it  could  rtot  have 
formed  as  a  result  of  any  convc-clva  or  dtffusivs  process,  and  proposed  that  the  percoiatioo  mechartism 
was  prfmarffy  responsible  for  ti>9  segregation  process.  They  also  allowed  for  some  contribution  of  the 
!rajecto<7  mechorism,  though  considered  it  to  be  of  minor  Importance. 

In  the  woih  of  Nityanand  et  al.*  the  goal  was  to  determine  the  rate  at  which  segregation  proceeded, 
and  to  see  if  parcdatfcn  was  irdood  responstbie  ‘or  (he  tormaiion  of  the  segregated  core.  Uslrtg  model 
materials,  the  observations  of  Henein  at  al.  as  to  tire  shape  and  location  of  tita  bed  were  ocniinned  for  a 
more  general  casa.  Segregation  was  again  found  to  occur  for  slumping  and  roMng  beds,  and  for  rotting 
beds  tfta  segregated  core  was  locaiod  )ust  bolow  the  acflva  layer.  Direct  measurement  of  fte  tormatico  of 
tho  core  indicalod  that  the  kin^^cs  of  formation  tolowod  zoro  orcler  Mnafca.  with  lha  Mnatlca  a  Inear 
function  ol  the  rotatlorul  speed,  and  Independent  of  poroont  r<f  and  bod  dopdt.  Thio  Is  not  oonsictont 
with  oittior  a  (Iffusiva  or  convective  tnodwmsm,  arxl  dkect  observation  of  fie  bed  oontfemed  fiat  ttie  flhet 
reported  to  the  core  by  means  of  perooenoa  The  pieoonco  of  few  segregation  could  not  ba  disoountod, 
howavar.  sinoo  tha  numbar  of  coarea  partdai  prasart  It  tha  core  was  Isaa  titan  was  axpactorl  Sbtca 

pVCCNMOn  CSnnOI  lOOOlWI  W  mm  IwiOW  Of  00 WM  PVICWI  VOfll  WW  OOlVb  flwl  IWi 

M  OpO«W>^  ino  rOM  Ol  iO^vQMKin  HOTMOM  wm%  VtiOTMiOip  M  fVO^  OnO  m&O  raWMO  vWVf 

btoreaMs  bt  tita  stza  of  tita  cyindar.  This  led  to  tita  davelopntent  of  titasfaa  rate  td  tita  dtinsnstoriiaa 
spaad  w^g  as  scslo  up  crtisrta  for  isgrogatinn  phonomana,  TNi  should  ritow  oompartson  of  lesuHi  ol 
insoroffixviQ  vivMOQMOnO  01  powQV  fjiwv  10  viON  fynOTV  V  oMwmno  wiwnoi  poiooi«Kin 

wHWIOTN  VOf  WiO  vmMOr  OySWIO^  OnO  m90  O  MWnVIv  Wm  m^OnmWM  m  ■OVODfW  OTIOni 

such  as  tha  shape  atlarenca!;  and  btcrsdiad  awtaca  area 

2.4  Effect  of  Qee  Atmocphere  on  the  Flow  Propeitlee  of  Powder  Bede 

ffMinI  HWII  MO  raC0M  Mi  •  COmp^iV  VMyM  OV  pPOTir  OpOIMOfli  VI 

unpifMnQVQ  Of  M  nWvOn  ooiOMn  wm  qm  MvioiPfW  oi  m  oi  raitiMi  wu  m 

powdare  TNa  Maraction  dapartili  not  only  on  tita  propiitiaa  wtd  nwa  of  the  gas  (Lo.  gas  tdaeoatiy  p 
and  praaaura).  but  alM  on  tha  propaftiaa  ol  tita  powdwa  tiwohod  (pewdw  dwwif  wtd  pwida  dia)  artd 
tita  typical  oparaing  apaad  ol  tita  appamua  dMti.  bt  aaaanow  tita  aOaol  af  tiw  gas  abnoaphara  0  to 
chwtga  tita  atoto  ol  tiuMUton  ol  tita  powdw  bad.  thua  Wtortng  tita  tow  chwactortrtea  and  propartaa  ol 
titapowdw  badi 
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considered  the  hydrodynamic  Interactions  between  the  gas  and  the  powder  mass.  He  reasoned  that  In 
cases  where  the  typical  velocity  ol  the  powder-handhg  apparatus  exceeded  the  rate  at  which  the 
entrapped  gas  could  escape  the  bed,  the  powder  would  remain  iuMIzed  and  in  an  expanded  slate.  The 
removal  of  the  gas  from  the  bed  can  be  foBowed  as  the  movement  of  a  "contlnuily  shock  wave',  above 
which  the  porosity  If  the  bed  Is  that  of  ttie  expanded  state,  and  below  which  tfw  porosity  Is  that  of  the 
settled  bed.  Cg.  The  velocity  of  the  shock  wave  is  given  by  the  expression 

V  -  *  * 

^  150  p  (t-tg) 


In  this  expression,  Pj  >  the  powder  density,  ■  the  powder  particie  size,  g  -  gravitadortal  accoteralion,  p 
« the  gas  viscosity  and  e  >  the  porosity  in  the  fluidized  portion  of  the  bed.  For  a  typlcd  powder  hai'dSng 
speed  the  bed  can  be  expected  to  remain  llukSzad  tor  oondWons  where  V.xo^Va.  FMetema  then  uses 
this  cottdWon  to  arrive  at  an  sayrasslon  for  predfcjng  the  tniusnoe  d  a  gas  abwesphera.  the  so  caBsd 
Qas tntsraolion Number. At,.  ThaexpraasionlorMinumboria 


04  4  t 

P  V, 


100 


The  physical  significanoe  of  N,  is  aa  loiowt:  for  vakies  of  Ihe  gas  tntsraclon  number  lees  tian  100,  Vte 


tfwgasbasraclonnumber.  La.,  tie  tower  fiavilua  of  N,,  the  greater  fie  Inlluonoa  of  Vte  gas.  Fromttia 
form  of  tie  equation,  R  can  bo  seen  twl  tow  vahiee  of  N|  can  be  aohtoved  tor  large  vetoes  of  both  tie  gee 
vieooslly  and  tie  powder-hantflng  apparatus  speed.  The  sfleol  of  tie  speed  of  tie  apparatus  can  be 
reedty  understood,  as  R  arises  torn  the  darivaton  of  tie  exprsasloni  I  tie  speed  of  tie  spparaluo  Is  low, 
tie  V,  wtl  be  loaa  tian  and  tie  gas  wS  be  able  to  toave  tie  powder  mass.  The  pomalbr  af  tw 
powder  bed  wH  remain  dose  to  a,  and  tiare  wfl  appear  to  be  no  gas  aftod  As  tnersesss  and 


gas  wfl  tian  cause  the  powder  bed  to  ardandt  and  tie  bad  wH  taw  tow  nwrs  rsediy. 

The  Satosnoe  of  tie  vtsooslto  of  tie  oas  eon  be  amtabiad  In  the  tetowlna  mamsr  For  tnmeeae  In 

wsw  WvV  iwsOVilStmflM  vHGto8tl^9  09W99ts  Wi9  ttwi0QMiH  19  Hw^9«  iTliS  fv9UN9  Vi  VtOP9Q99Q 


abnoaphars  and  tie  powder  mesa.  As  tw  viscoaty  flsersasss  tie  mean  free  peti,  X.  tocraaesa  and  tie 
laenber  of  one  moteede  ooWstane  rtefsenene.  TMs  leeute  In  e  tawsr  rWe  of  memaneen  aanelsr  and 

amasfm^^w  sm  e^sv  eMWSsvmMiV  es^mstwvwv  saw  s^^Misev  sea  w  aww  sm  asMMaMM^Sisaa  ws^^^Sf  ^■mw 

taw  a  dscrsassdlnlaractonbafwesn  tie  gas  and  tie  powder.  FOr  low  valuas  of  p  and  v^,  twn,  tie  bed 
adl  be  ootonaed  and  lelstvnfw  Wsfle.  an  flanaiaind  to  be  bee  Imdna  bahnMtar  tar  laraa  vatonn  et  twee 
two  variablaa.  The  affect  of  chanona  In  baffi  tie  visoontw  and  tie  snaad  ean  be  saan  raaelitoalir  In 

V s^w  era^w^s^aw^p^a  saa  a^e^^va  ^aa^a  ^^avea  er^^a  e^wva  e^^w  a^pwiw^ai^eaww^T  ^ra 
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Rgure  2-4.  The  values  o(  cne  vailabies  used  are  shown  hi  Table  2-1,  and  “XirTaepond  to  quantities  which 
might  be  encountered  In  n'Dtal-fnatrix  composite  applications.  II  can  be  seen  that  the  value  of  remains 
wei  below  100  even  for  rclaitvely  high  speeds  and  low  viscosities.  The  effect  of  variations  hi  the  particle 
size  can  be  seen  hi  Figuie  2-5.  The  Increasing  viscosity  here  corresponds  to  the  same  range  as  the 
previous  figure  (see  Table  2-2  for  the  values  used),  it  can  be  seen  clearly  hi  this  case  that  changes  In  the 
rotational  speed  have  a  significant  effect  on  the  gas  interaction  behavior.  It  Is  apparent  that  at  low  rpms, 
the  bed  wilt  be  ftuicizsd  for  smafl  pertides  only.  As  the  rotational  speed  is  hicreesed,  tha  fluidUlng  eHect 
of  :.*^!e  atmosphere  is  extended  to  hidude  the  larger  pamdee.  For  a  rotational  speed  of  100  rpm  (wiiich  Is 
a  r;33sonab:e  runiber  for  the  ca3csc.lng  leghne  hi  ma.'^e  bianders)  it  can  be  seen  that,  fcr  a  s>‘stem  with  aR 
particles  less  than  ICO  microns  (a  typical  situation  fur  tha  axparhnanls  to  ba  conducted  hi  thia  work)  the 
eittire  bed  wii!  be  itutdized.  Thus  Is  is  expected  that  the  kinetics  of  mixing  hi  this  rsghna  wiS  be  enhanced 
for  aR  the  particles  In  the  syslera  At  the  lower  speeds,  whsre  segrsgalton  Is  usually  a  problem  (tha 
powdaia  which  wM  be  studtod  ar«  expectod  to  be  strong^  aegregaing),  I  appsan  ttial  fit  smallar 
rahiforcemant  partides  could  ba  fluldbad,  but  tiiat  tha  larger  mabtx  parfcies  would  not  Thia  oouM  have 
soma  aa-yat  unknown  and  hiiares^ng  effects  on  the  naturs  and  axtont  of  aagragatton  observad.  Thus  It 
whi  be  necessary  to  take  into  account  the  effect  cf  the  atmoephare  hi  any  of  toe  experiments  conducted, 
and  a  datarmination  of  the  best  atmosphere  to  minimize  segregation  «HN  ba  an  bnpoitartf  abn  of  this 
research. 

R  la  reaaonabla  to  asauma  toat  toa  preaaura  of  toa  gas  wM  also  htoto  soma  affect  on  toa  behavior 
ov  w  powosc  uvo*  *  V  noi  sppsirw  wvtVi  w  pewwouv  nviwMHs  ii9v  w  vi  w 

praasura  should  affect  toe  bed  bahavtor.  tontwatetoaasutnatoaitoaidsco^^f  hiRafamafsaxpraMion 
la  toe  abaoMa  visooaily.  toan  Ns  vahia  would  change  very  Ms  e«i  prssaura.  «id  toa  gas  hNsrKtion 
numbar  could  not  ba  used  to  predtot  tot  InNusnos  of  toa  abnoipfiara  for  ohMigaa  hi  tot  prssaura.  Ina 
Mar  papar,  however.  CoQaar  and  ntofami^  dto  oonaidar  toa  aftod  of  a  clianga  In  toa  praaauraL  Thay 
tookad  ai  two  cases:  Nrst,  toa  caaa  whara  X  la  much  smallar  toan  soma  oVtoto  dmansion  it  (lor  powdar 
maaaaa.  tots  would  oorraaoand  to  toa  itaa  of  toe  haaroartclB  voids):  and  aaoandiir.  toa  oaaa  whara  X  >  it. 

I  n9y  OWilOp  V«W  VQUniOTIi  MMQ  On  OQnilOraOfw  ov  W  VOraO  r  OnOnM  Uf  m  OPVWIQ  QM  01  ^1000  1/ 

on  a  tuba  of  langto  L  told  radtoa  it 

Tha  Iral  oaaa  oorraoponds  to  tha  caaa  of  vtoooua  Now  In  toa  fubOk  In  tola  oaaa  toa  raauR  o«i  ba 
randi^  obtolnad  bom  todd  machanica  eMi  Nia  raauR  tool 

I  • 

Hora  p,  oonaoponda  to  toa  vtoooaNy  of  toa  gaa  al  high  praaaura.  Aa  manionadi  tola  la  tar  toa  omo  of 
Xecii,  and  touo  ■!  ORpraaotan  tor  toa  gao  vtaooaNy  can  ba  abtabiad  bom  toa  finale  gaa  toss,  baaad  on 
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ngura  2*6:  Efl«ci  ol  Partd*  StM  (jp.  Vltoosiiy  (it)  and  Apparaba  8paad  (vp  on  tw  Qaa  Maradon 
Numbar 


TaMal^  OalatorCalouMlonolAr,aoaFunclonaftiaPaniclaStoa 
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tht  assunpUon  that  tha  viscous  tofoes  wl  arise  predominantly  from  momentum  exchange  between  the 
gas  molecuies  and  not  from  Interactions  between  the  gas  and  the  tube  wals.  In  this  case  the  expression 
tor  the  viscosity  Is 

1*1  - 

where  p  Is  the  gas  density  and  v,  Is  the  thermal  velodly  of  the  gas  molecules  (Le.,  the  actual  velocity  of  ^ 

the  gas  molecuies  for  the  temperature  at  which  the  gas  Is  held).  The  quarttlly  pX  Is  Independent  of 
pressure  and  thus  the  viscosity  at  high  pressures  remains  at  a  leladvsiy  constant  Value. 

For  the  case  of  gases  at  tow  pressure  (and  thus  large  X),  Cottaar  arvl  RIetema  consider  the 
situation  da  one  represent^  free  molecular  flow.  The  momentum  exchange  of  one  motecule  Is  thus 
cortsldered.  For  molecules  of  mass  a,  artd  assuming  that  the  wal  and  moleculse  are  In  thermal  i 

wfUHDnum  90  vwi  Ww  iiioiranMil  MCMnQ#  om  99  VMniMi  woo^f  m  on  oio  nn 

momentum  exchange  for  t>e  molecule  wB  be  MU,  where  U  Is  again  tie  gas  ftaw  velodly.  SIncethegas  ^ 

molecule  wll  on  average  travel  over  a  maximum  dManoe  of  R  between  ooltslons,  tw  total  number  of 
effective  ooMsiorts  becomes  UR  and  Vte  total  force  per  unit  length  becomes 

t  m  api/*« 

< 

From  Ms  a  new  expression  for  an  apprvera  visooslly  iij  was  obtained,  given  as 

14  - 

i 

Thus  the  efisct  of  gas  pressure  can  be  asanas  a  modWcaflon  of  the  value  of  tie  vtsoos^y.  TNseffsctls 
twoMd.  FtrsL  the  dMatoe  VmI  e  moleouls  bevels  chanosa  bom  the  value  of  X  be  the  iMrtoUhr 
oondMote  expertenoed  by  Vie  ges,  Is  the  sbe  of  the  opening  through  wNch  the  ges  Is  baosd  to  pass. 

Seoondhf,  the  veiocby  at  which  the  gaa  moves  ds  cress ss  bom  the  value  of  tie  thermal  velocby  to  the  * 

c/s  oooon  v  oo^^v^i  Oemio  ov  iinQfwuoo  OoiiOTg  wn  wm  vionvw  r^poo^y^ ■  ipoMs  oo 

the  pressure  of  the  gas  Is  dscrsased,  the  apparent  vtscoeWy  of  the  gas  Is  reduced.  In  teens  of  bs  sflsol 
on  Vie  gas  tntsraeVon  number,  tisrv  aa  the  prsesurs  of  tw  gas  dscrsassa,  the  value  of  N,  wM  Increase 
This  IndIcalM  that  the  eiscl  of  prsasurs  Is  sbniar  to  that  of  vlioosby:  tor  beds  that  Bow  fbiidhad  * 

behavior,  the  extsra  of  buldbsdon  and  two  the  ease  of  Vow  of  the  oewdar  mass  decrsesee  wVh 
dscrsasbM  Dreseure  fand  docteaabbi  sBoarBra  vtsooaVvI.  An  arbWonsI  doM  Is  twi  sbtoe  Vie  value  of 
the  avgssent  vioooeib  ^  elUncVon  of  A,  and  A  is  of  the  ordsr  of  Vie  bitsrpartcle  tpy***g.  the  parVcie  sbe 

A  aiBi^  ba  Bwa  pmmpsA^^m  /pB^a  Ba  la  B^a  4 

nB  ■  ffW  m%  OiMfimig  Vv9  VM  01  WvO  ffiWOQII  nUnW  fmWtSOf  |QIIO  10  Mi  piOOOnOO  01  WIO 

rag  fp  1^  OHO  OsQOO^OJft  OWOOkH  00  0  CH^OIQOO  V10  tHRIO  01  OiO  l^^OvOvO  tnO^OO^f# 
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Experiments  have  been  parfotmeri  to  detennine  how  changes  bi  the  gas  atnnosphere  affect  the 
periofmance  of  bal  mflUng^*- 27. 2S  inujng29  operaJons.  The  behavior  predcted  by  the  gas 
tnteraction  number  was  found  to  be  observed  tn  al  cases.  f.e.,  for  high  values  of  either  the  gas  pressure 
or  the  gas  viscosity,  and  thus  tow  values  of  A^,.  the  beds  were  observed  to  be  very  fluid,  with  good 
Intermixing  of  the  powders  in  the  bed.  For  the  studies  on  mUllr>g  operations.  It  was  found  that  the  rate  of 
breakage  o!  the  product  inaeased  with  Irx^eases  in  pressure  and  p.  The  unNomnlty  of  the  end  product 
bvcreased  \<ith  less  fines  being  produced,  arxt  the  number  of  agglomerates  formed  durirtg  the  mlHing 
operatir.n  deaeased.  Thus  for  the  case  of  milling,  Improvomcnts  In  both  the  quality  and  efficiency  of  the 
opr^radon  can  be  achieved  with  the  use  of  either  highly  visccus  gases  or  high  gas  pressures. 

'n  the  mixing  studies,  fystems  of  similar  partides  (differing  only  h  color)  arxt  systems  showing 
segregative  behavior  wero  considered.  In  the  first  case,  usiivg  variaiKe  as  a  measure  of  the  progress  of 
the  mixing  operetion.  it  was  found  ttat  an  IncreeM  in  tfte  powder  mobMfy  (again,  due  to  Increases  In 
either  tte  pressure  or  the  visoosity)  resulted  bt  bweases  in  tw  dMusion  ooefldont  (Le..  the  rate  at  which 
random  movement  of  the  parUdes  occurs)  of  the  process,  as  waM  as  deaeasee  In  the  vatlanoe  In  the 
sample.  Since  the  mixture  of  tbniar  paftkdes  It  e  random  process,  this  Improvemem  Is  the  mixing 
process  Is  a  reasonable  one.  In  the  csm  wnere  the  samples  showed  a  tendency  to  segregate  during 
mixing,  it  has  fourxt  that  the  opposite  oonditiona  were  beneficial,  Le.,  low  gas  pressures  and  low 
vtscosWea  resultad  In  a  decrease  In  the  mobity  of  the  powders  and  fiue  reduced  the  tMXlency  towarde 
segregatve  behevfor.  Again  the  bnprovetnerda  vwre  demonstrated  by  e  rtecieese  in  Ihe  variance  of  the 
rrteeaured  aempiee  of  the  mtxturee  ceoatdared.  In  tsrme  of  tte  gee  imaracllon  number,  tten.  high  vaiuee 
of  y,wHl  be  beneficlif  In  reducing  the  eadwtf  of  eegtegeMon  observed  m  twee  syetemeprerispoeed  to  Hi 
ooajrrsnoe.  whereas  low  vahise  of  Af,  wfi  bensfN  tnee  operalone  which  rely  on  Increeess  In  the  me  of 
oocunenoe  of  random  particie  movements  (pure  mbdng). 

2,JSumirary 

R  la  obvfoua  Rom  the  xtaf  deeot^iRene  above  fiei  e  complete  asseesment  of  fro  eucoeee  of  a 
blerxRng  oporaion  le  a  dVRouR  iMh.  UentRceRon  of  tie  dombtaiR  mode  of  partcle  movement  can  be 
expected  to  be  obscured  by  ovedybng  obeervabons  el  eegregmon  when  rneisrim  el  dRIerIng  phystoii 
profteniee  are  bwoRredi  The  sHueRow  le  Rather  compRceiid  by  Rte  role  oIRie  drcuraembtent  gee  In  the 
drum,  which  can  marbadhf  Rh*  Unemmcs  ol  tie  bed  moHorv  wd  tu  tie  degree  ol  mixing  and 
eegregalon  aMch  oooura,  Aisa  tie  condRtene  which  can  lead  to  spptnty  good  megombdno  w«  nd 
neceeswty  teed  te  e  proper  mlciodbRi>Mtm  el  tie  cempcneds,  which  Is  el  grid  Rwporfioe  Ri  orsdRig 
e  suRabie  ind  predud  lor  comp«— <  mfc— wiR-  The  benefRs  d  tie  prevtoua  work  on  large  eode 
moiaitolB.  however,  le  In  provIdRig  •  Rnewortr  Rom  wNdi  to  be^  m  didyds  d  mfaRng  using  Ine 
powdsrmalorldo.  The  ooncept  d  dmlHy  may  deo  dtew  an  Iderdicetoii  d  tie  oordrtbuion  Rom 
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addilionai  small  particle  forces  (van  der  Waals,  electrostetic.  etc.)  In  the  event  that  the  dynamics  and 
mechanisms  of  mixing  and  segregation  are  fourxf  to  be  comparable  in  the  case  of  smaH  versus  large 
particies. 
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Chapters 


Experimental  Apparatus  and  Program 


Th9  research  program  was  divided  into  two  main  aieas.  Rrst,  investigations  were  performed  on 
model  materials  to  examine  the  relatenship  between  operating  parameters  and  the  segregation  behavior 
in  rotating  c/lrsders.  Sy  ccmpsriscn  of  these  resutts  tMth  parallel  studtos  performed  on  powders,  N  is 
hoped  that  the  effect  of  tradtttonal  vartaiites  such  as  state,  density  and  rotallonai  speed  can  be  eaparaled 
bom  any  effects  pecular  to  powder  syitems  (such  as  shape,  surfaoe  reughnees,  etc.),  tn  both  caaes, 
macrombdng  wM  be  the  ptfmary  focus,  with  the  leaue  of  mfcromixlng  In  tie  powder  syalema  being 
addressed  H  there  Is  enough  time. 

3.1  IModai  Materials 

3.1.1  Experimental  Setup 

The  schematic  of  tie  expedmemri  eel  up  It  shown  kiRgure  3-1.  An  dunSnum  cylnder  of  dhaiwler 
and  iengti  20  cm  was  mounled  on  iwo  rolers.  one  of  wNch  was  driven  by  a  variable  speed  electrio 
motor.  WWithlearTangemenf  tie  cythder  speed  could  be  Increaaed  to  emspdnsan  of  140  rpnv  Arough 
uM  used  to  In#  the  Inelde  aurfeoe  of  tie  crikidor  to  ainninele  ritaoaae  between  tie  oeriiouletoe 
uaad  and  tia  cylndar  wal.  Obaarvatona  of  tw  bed  bafwvtor  was  mada  tom  ona  and  of  tie  cylndar 
which  had  a  transparani  glass  piaie  aoeclwd  to  R.  The  modd  malsitols  usad  ware  monostaced  sphartcai 

PWOW  Of  lOUf  ORfOVOnI  1IZM»  VIQ  IWO  VliWII  OiOilOiOp  tlW  IBO  lOBOO  01  ViO  IflOOii  mOW  WOfO 

choaan  bafween  1.3  and  3.04  (atoo  asa  Table  3-2),  wMoh  was  wdSn  tie  range  of  tid  avabdils  for  tie 
MMC  malertds.  The  mood  matortalB  ware  dM  ctwean,  ee  tial  twlr  denaig  rate  (l.f)  was  wtNn  tia 
ranoa  of  tiai  avalable  for  tw  MMC  OMtoma.  Table  summarixea  tie  Draeaitea  ot  tie  Iwo 

s  era  s^e  ra  ^aaa  eoee^^raas^^^p  v  ^ra  ray^^e^rae^^^  e  s^’  e  ^Matostoidraad^^^d  ^p^^f  era  aras^p^^^e  ^^^^ra  see  ra  ^ra 

matotfdi  uoadL 


3l1J2  ExaertmentM  Viiliblie  end  Pioeedure 

Tha  fotowlna  oeandna  variablaa  wars  tostod  uabie  tw  modd  malariali: 

1.  She  rate  •d__/d^ 

CdVSfa  ^raav 


f 
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ngiii«3«1:  Equlpmwn  Sctwnwic  far  Mo<W  E«p«rtriwnt» 


Tabto3-1:  MoM M«i«W ChmclirMIca 


Hanriy 

8tot(nm)) 

OmNy  (O^cm^ 

StMpa 

Aayk 

9i5 

1.3 

SphwiMi 

C4 

40 

&1 

Alumina 


3l1 


a72 


2.  Percent  nil -(V..^^,^JiOO 

3.  Percent  flnes  -  -TtOO 

4.  Density  Ratio -p^p^ 

5.  Cyimdsr  Speed  (Rf’M) 

Table  3-2  provides  a  Nst  of  the  operating  variables  that  wef9  tested.  The  folowing  pordon  of  this  section 
outlines  the  Innportant  parameters  and  the  basic  procedure  used  In  the  dHferent  sets  of  expertmerris  that 
were  performed  with  the  model  materials.  The  bed  behavior  and  macro-segregation  or  mixing  patterns 
that  were  observed  during  these  experiments  is  discussed  In  detad  in  the  next  section  of  this  report 

1.  First  S<it  -  Binary  mfxturss  of  acrylic  spheres  (vriSh  density  ratio  of  1.0)  with  35%  percent  fill 

attd  14%  flnes  were  used  In  Ms  set  WHh  these  parameters  fixed,  six  binary  mixtures 
ranging  m  siza  ratio  bebwesn  1.3  and  3.04  wera  each  testarl  In  each  case,  the  cylinder 
speed  (RPM)  was  Incraesed  from  0  rpm  to  a  maximum  of  140  ipm,  and  the  bed  behavior, 
macro-segregation  or  mixing  were  obeerved. 

2.  Second  Sat  •  These  experimeras  ware  very  sknlar  to  the  first  set,  exospt  tor  the  fact  that 
the  speed  was  decreased  from  the  maximum  speed  of  140  rpm  to  0  ipra  This  set  was 
thsrafora  Intended  to  provide  oomperieone  between  tocresslng  and  dacrsaslng  cylindar 
speeds,  al  other  poramelara  being  (bed. 

a  ThW  Set  •  Expertmenli  patlonned  hare  were  very  sfenlv  to  tie  flnt  eel.  except  tor  tie 
peroemfli  and  peroanitneeuaedLwMch  were  changed  to  37%  and  20%  reepectvely.  This 
gave  a  dbact  oompariMn  between  caMe  witi  varytoQ  percent  flnse. 

4.  Fourth  Set  -  Here  mixbaea  ol  acryle  and  afunraia  apharsa  ware  uMd  Mti  density  railo 
1.8).  The  percent  fl  and  perosnt  toiee  were  txed  ai  38%  and  14%  lespedhefy  as  In  tie 
•ret  set,  and  tvae  binary  mixturse  wMh  size  raftoe  1.a  2.1  and  a04  wara  sludM  In  this  set 
Tha  rasuRi  of  Ms  aal  when  oonvered  wMi  tie  Iret  eel,  wouU  tiereiore.  provide  tw 
dtlerenoee  In  tresegregaflon  tor  mbdurse  varying  to  density  raloe. 

to  each  case,  toe  qriMsr  was  toadad  ariii  a  meaawed  quanMy  ol  tie  Unaqr  mbdure  and  was  wel 
ahahan  to  form  a  randomly  mixed  bad  The  cytndar  waa  than  plaeed  on  toe  drive  rolare  and  toe  apaad 
wae  eNher  ato«4y  tocraaaad  tom  0  ipr%  or  alowly  dacraaaad  tom  140  rpm  dapandtog  on  toe  aal  ol 
aspaitnania  performed  The  towel  toe  inee  were  obeenred  to  each  caaoi 
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Table  3-2:  Experimantai  Variables 

Matartais 

SizaRaAo 

Density  Ratio 

Percent  RD 

Percent  Fines 

Aery  Hc/Aciy  lie 

3.04 

1.0 

35 

14 

Z4 

37 

20 

Z1 

1.6 

1.5 

_ 1^3 _ 

Acryiic/Akjmina  3.04  1.8  35  14 

2.1 

_ 1^3 _ 

3.U  Rosulta  and  DiscuMiortt 

Rgur*  3>2  ahONn  fM  typicai  bahavlor  that  was  otesfvad  m  piograsslvaly  Incrtadng  ipasdi.  Al 
low  spaads  a  oantral  sagragalad  oora  mada  up  of  tha  flnaa  was  tonnad,  by  rotaUng  lha  eyindar  al  a 
constant  spaad  for  a  law  seconds.  This  behavior  was  observed  tor  each  case  tested  (sea  FIgura  3-2 
a.f,k).  On  further  incraaslng  tha  cylndar  speed,  tha  flnaa  began  to  disparsa  gradualy  to  Vta  ofltar  parts  of 
tha  bad  (sea  FIgura  3-2  b,g,l).  This  dbpersion  of  tha  Anas  promoted  mixing  of  tha  Anas  In  the  bad. 
However,  even  dbtribution  of  tha  Anas  Avoughout  Aia  bad  dto  not  occur  at  any  parttoular  spaed  but 
oocurad  over  a  range  of  speeds.  Tha  range  of  speeds  over  which  Aia  Anas  ware  evenly  dMtwlad 
throughout  t>a  bad  Is  definad  as  tha  traneWon  wna  born  core  sagtegalton  to  mixing.  Tha  lowaat  spaad 
at  which  ttia  Anas  disparsad  from  toe  cantor  and  began  to  mb  wAh  tie  other  parts  of  Aia  bad  martrad  lha 
Beginning  oi  jm  wntwon  zon#.  sianing  tt  ws  sp6M,  vw  fiMion  of  cywioii  was  uriiiM  «  wioui 
speeds  to  obstrv  th#  dhWbuBon  ol  th»  Unss  h  IhB  b^A  Th«  tnd  of  Iht  IrmWon  xom  or  btglnn^ 
of  tha  mbina  zona  was  dsiarminad  bv  Aita  orooadura.  Once  AAs  was  dstormlnsd.  ttta  cvAndar  soaad  was 
further  Incrsaaod,  artd  mbdng  oonlinuad  (sea  Figure  3-2  c,h,m)  unll  toe  larger  paiAclaa  began  to  move 
towards  toe  cantor  of  toe  cyAndar.  This  datorminad  toe  baginntng  of  lavarsa  sagragaAoa  As  Ate  spaad 
was  furAtar  Inciasaad.  ravarsa  sagragadon  oonAnuad  (sea  FIgura  3-2  d,l,n)  unto  Aw  flnaa  began  to  form  a 
ffionoiiyor  igom  ow  ivw  ww  oi  Yio  GywiOir«  ifw  ipMO  mViiM  vio  oogowwQ  oi  oonnu^^  \mo 
p  vguro  OtjpOjs  ibiq  oiv  ^^^vioor  fOaWHnoo  oodvvwgoo  v^vt  ony  oiofoooo  oi  vi9  f^Kivoiisi  opooo* 

The  boundartoa  of  Aw  vartous  zorwa  (core  sagragaAon.  translion,  mixing,  ravarsa  sagragsflon  and 
cantflfligtog)  ware  Awa  datormAwd  In  each  case  This  prooadura  was  lapaatod  seven  Amas  lor  each  sba 
raio  m  oscn  8oi»  ono  ow  ipoon  wmcn  omtuvim  vio  DounoviM  oi  iio  wiout  zonoo  woro  ^pioMy 
wflhln  two  standard  davtaflons  {2a,  where  a  varied  between  0.5  and  3.1  rpm)  of  Aw  nwan  speed 
GHdOTiM  01  oven  GBMp  oioKflong  vioi  vio  oxpofwiwm  OfTor  ■  oooon  ■ooopiaDio  wfmo*  ino 
photographs  shown  In  FIgura  3>2  provfdaa  a  good  rsprsaarflaion  of  Aw  bad  behavior  Awl  was  obaarvad 
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vistjaSy.  This  figure  shows  that  tfw  bed  behavior  at  low,  high  and  Inteimediate  speeds  were  similar  In 
each  case,  except  that  the  boundary  speeds  varied  with  size  ratio.  These  observatens  provided 
Infomnatlon  on  the  mixing  patterns  when  the  speed  ot  the  mixer  Is  Increased,  starting  with  a  segregated 
bed.  The  results  (focussed  so  far  were  simlar  for  Ute  first,  third  and  fourth  set,  showing  that  the  variation 
in  percent  fIM,  percent  fines  and  density  ratio  did  not  make  any  qualitative  difference  in  the  mixing  patterns 
lor  binary  mixtures. 

The  second  set  of  expariments  were  performed  to  study  the  effects  of  decreasing  the  speed, 
startir>g  with  a  centrifuged  bed.  In  this  caso,  the  bed  behavior  changed  from  centrtKig'ng,  to  reverse 
segregalion,  to  mixing,  to  trarwldort,  to  core  se^egatiort.  However,  tre  overall  resutls  In  this  case  was 
shniiar  to  the  other  cases,  and  Is  dtocussed  later  in  this  section. 

From  previous  work  (focussed  In  Chapter  2,  it  can  be  seen  that  a  non-dlmenslonailzed  number. 
vPWq  provides  a  useful  meene  of  expressing  the  important  paramatars.  Tharefora,  the  leaulla  for  each 
sal  of  axperknania  are  expreasad  In  tanns  of  piols  of  cs^R/g  venua  Stza  ratio.  The  rasulla  of  0ia 
axpchments  witft  acryic/aayic  mixturea  are  sfiown  In  Hgurea  3-3  and  3-4.  The  zones  on  s9wr  side  of 
the  mlXiOg  region  can  be  dassifled  as  (hs  sogregalad  regkms.  Tha  ilgurea  show  that  at  very  lew  and  very 
high  speeds  the  bed  is  segregated,  and  at  iniarmadMa  speeds  thorough  mixing  oocura.  Tha  ilgurea 
indiceta  that  at  a  size  ratio  of  1.3  (rrixturs  ot  4.0  mm  and  3.12S  mm  (fometar  spheres),  not  only  Is  tha 
mixing  zona  shiflad  towards  tha  right  Indkaflng  that  mixing  begina  at  Nghar  spaadi,  but  fta  mbdng  zona 
liiargaraa  wel.  At  size  rates  above  1.5.  there  is  very  alghivarlalian  In  ttiairarnlllon  boundary  (vattafon 
of  about  43  to  46  rpm.  bsfwaan  atza  rates  of  1.5  and  3.04).  Previous  work  dona  by  Wcaaman  and 
Donald*^  indkalsa  that  up  to  a  dtomstor  rate  of  1 8w  amaBar  partolsa  oamol  abp  twough  tta  voldi  of 
V19  wgor  PV1GM9,  tRuicn  fNiffi  Vf  Wj  IM  A  wiw  Him  m  iMn  vHfi  wi  onk  wficn 

shows  a  larger  mixing  region  tor  a  nbdura  of  dkanalir  rate  1.3.  Our  leauto  9ao  show,  ttai  the  wMti  ol 
iia  nMtxi  zona  dacreaaaa  wfSi  tnoreaalna  atza  raloi  5  Is  9m>  aaan  Vial  wrtoaueano  oooun  at  si?R/B 
gteaisr  than  1.0.  This  could  bo  due  to  soma  amount  of  af^paga  ftal  axMa  between  tta  q^tdsrlnnar 
aurtaoa  arvl  the  aohaiea.  I  oan  sIm)  bo  nciad  awl  far  a  9van  tamar  aartcia  iIzol  Bw  wood  at  wMoh 
CMWpng  oocwi  ivimMv  mn  m  wb9  oi  ww  Hiom  pnm>  iiiv  ipMO  h  wmi  mviupng 
mpn  m  m  whi  ip  ppppno  on  m  pbp  imp  pv  m  pviopp  fpomvig  mi  wip  php  fwoi*  npni 
FIgura  ^’3  it  la  seen  Bwl  tha  aMbtg  region  obWned  by  bioteailng  bw  speed  bom  an  InBUiy  aagregatod 
bad  la  strwBar  Bwn  twi  obtotoad  by  dacresalng  the  speed  bom  w  ba59y  oanbBtigad  bed.  ngum34 
aheew  Bwl  Bwre  le  rwgBgtole  eBeolon  the  mIxbigpaMme  lor  wjfoQ  peroanitowe, 

rigm  9*P  m  m  coif^non  ov  yh  nMm  iq«  yip  PLiymPDiyw  mo  otvyYQfwim  nraoPi 
showing  Bwl  the  same  bend  Is  obaarved  In  Bw  tee  oaaaa.  The  only  ditarenoe  la  Bwl,  Bw  deto  for  Bw 

PCiyYQrYMmVIP  111X1000  VO  wU^Wj/  VOTPO  W  010  YIHCOVig  YVi  YOnVOPII  YOU  OPIO  YYgvgOPOVI  V> 

eBtong  and  mixing  to  levarae  aagregrilen  oooure  aileanr  apeeda  far  Mghar  alaa  leBoa, 


Siza  Ratio 


4.0 


Density  Ratio  1.0 

-  37%RII,20%Rne8 

- 35%RII,  U%Rne8 


2.00 


43 


TTm  folowing  ara  lha  Impiicadons  of  thesa  rasuits  to  MMC  systams: 

1.  Comparisons  of  sknMar  rasdts  tor  MMC  systems  can  datarmina  the  affect  of  other  forces 
(Van  Der  Waals  and  alactrostatk:  forces  for  axampia)  on  the  blanding  of  fina  powders. 

2.  For  a  fixad  cytindor  size  and  size  ratio  these  results  gKs  a  range  of  speeds  at  which  mixing 
can  be  achieved.  Moreover,  these  results  can  he  extended  to  other  cyinder  sizes,  i»lr)g 
co^g  (non-dimenslonaBzed  number),  which  provides  scale  up  parameters  for  macromixing 
of  MMC  systems. 

3.  If  simiiar  results  are  obtained  for  MfyfC  systems,  then  the  conditions  for  studying 
micromixing  are  easily  defined. 

3.1.4  Conclusions 

Expartmartts  ware  conducted  to  study  tie  bitndkig  ot  Mnsry  mbdures  of  spherical  particlaa.  and 
macro-mixing  was  obaarvad  as  a  function  of  siza  rs'Jo,  danaly  ratio,  ipm,  paroani  fB  and  parosnl  Anas. 
Spherical  psrbcies  varying  tn  stza  between  3.1tnm  and  9.Sinm  ware  used  In  Via  axparimanis.  The  results 
have  bean  expressed  m  terms  of  atR/g  versus  stza  raiio.  which  providaa  a  aagragction  behavior  dtagram 
showing  tha  mixing  region  which  is  of  most  intorast  in  our  stucfoa.  The  mixing  region  is  dafinad  aa  the 
region  where  tha  finar  parades  ware  seen  to  be  evaiay  dMWbutad  In  tha  bad.  Tha  raaulta  ware  seen  to 
be  reprodudbla.  with  axparimantal  errors  within  aocaptabla  Itnila.  Tha  range  of  ipm’a  tor  irtxino  region 
waa  nhiarvad  to  tnrraaaa  wHh  dacreaabvi  ngn  of  tw  blnanr  mfacluraL  ror  ttw  axoailnMnia  wtiara  the 

danaiiy  nrilo  waa  1.8,  the  coarser  parildaa  used  ware  more  dsnao  (p«1.3)  tan  tw  Inar  parAdae 
(paO.72).  Tharafora.  tie  mixing  region  ia  not  aWactad  by  the  danai^  dAfsianoa  al  amal  atM  radoa,  but 
does  jncraaia  die  mbdng  region  at  bigger  atoa  radoa.  With  al  othar  paramatwa  ratn^nlnQ  conatarA. 
wtaAon  In  oaroant  fbwa  ii  seen  to  have  nadUbla  affact  on  tha  raauAa. 

3.2  MMC  Powdtr  Milirtalt 

3.2.1  Apparatus 

1119  DMnaVig  9j^VlfW  W  ot  OTOQUCVO  VI  vVOTj  OOTIOTIv  OTIQI  W  CI^OTIP  91  OTVig 

praaauriwd  to  a  praatura  at  2  aSw  of  a  aalactid  gaa,  and  may  tt»o  ba  aeaalad  ta  a  vacuum  al  balar 
•«n  ifr*  aim.  Tha  HmiM  ara  oonMudad  Irom  samiisaa  alaal  pipa.  and  hava  a  imnlum  biaart  to 
almlnato  centonAnaAun  hem  toa  atoal  at  Am  dnaii  Thraa  aaptosla  dnana  haaa  baan  oonabuotodl  wAh 
nominal  Intomai  dtomatom  cl  MO  id  20  canamatora  td  1A>  ■  1.  Tha  datogn  al  fw  uni  atowa  tor  Aw 
uaa  of  alhar  gtaas  or  matof  and  ptoiaa,  thus  Mowing  tha  peaatoBly  ot  boti  ttouto  otiirrateta  and 
ooraroAod  oamphng.  Tha  gao  aachango  la  aooompAdiad  though  Via  uaa  of  a  roiaAng  goa  ooM  aloMAng 
tor  atneapham  oonvol  twoughoultha  duraBon  of  an  axparimant  FIgum  34  ahewa  a  achawwBp  lAaar  of 


the  gas  delivery  system.  The  speed  of  the  dmms  is  controlled  via  beM-drfven  rolers  connected  to  a 
variable  speed  motor,  and  is  monltorad  through  the  use  of  an  optical  tachometer.  Vacuum  Is  achieved  by 
us.'ng  a  rotary  vacuum  pump,  and  can  be  improved  through  the  use  of  a  dthislon  pump. 

3.2.2  Materials 

The  choice  of  matertats  for  the  b.’erKSng  experimerTts  was  based  on  a  determination  of  those 
systems  of  greatest  Interest  to  the  sponsors,  as  wel  as  those  systems  which  wM  provide  the  easiest 
means  cf  Investigating  the  variables  of  InteresL  Al  of  the  malerlais  used  were  commerdaly  avaHabte 
products,  and  have  beon  chosen  after  examining  samples  of  the  materials  tor  size  dtotrlbuiioa  shape  and 
denciry.  The  list  presented  in  Table  3-3  (see  also  Figure  3-7)  represents  the  materials  to  be  used  in  the 
bleeding  experiments,  as  weA  as  a  summary  of  the  characteristics  of  each  powder.  Due  to  the  difflcutty 
and  expense  of  obtaining  the  aiurninJde  material,  most  of  ttie  experlmsnts  with  toe  titanium  wi  be 
coTKiucted  with  toe  TI-6-4,  of  wNch  large  quantWes  ara  cuneniy  In  our  poaeaesloa  Oua  to  toa  sImlarWy 
of  toe  densWea,  the  reeuRs  of  toe  TV6-4  blends  should  be  appicsbie  to  the  aiumlnide  powder,  and  toasa 
can  then  be  used  for  toe  experiments  which  wM  resuRa  In  bisnds  tsfgslsd  for  the  oonaoldaion 
experlmonts.  Or>e  notabis  sbserKe  from  tola  Bst  is  whisksr  reMorcsmsrd  malartsis.  Due  to  toeir 
expense,  we  have  refrained  from  purchasing  toasa  matartais  unit  such  ttma  aa  a  batiar  apprsdafion  of 
the  variables  of  Interest  aftows  a  few  key  experlmems  to  be  designed,  to  Invsslfgato  accurately  toe  effect 
of  changes  in  toe  retoforoement  shape. 

3,24  ProcadurR 

ADrooadure  has  been  devefooed  to  ensure  lhal  toe  toRW  ootvMone  retnsin  toe  same  for  aaoh  sal 
of  dxparimsnid  oondMona.  Tha  irM  stop  is  to  ansura  toal  toe  drum  toisiiwl  surfaoae  we  dean  and  Ira# 
of  any  reddua  Rom  previous  tsaia.  The  drum  is  tosn  aassmbled.  Wdng  care  to  malto  sure  toai  toe  faces 
of  tha  end  platoe  touch  toe  dnim  langea  at  al  pototo.  This  is  to  ansurt  toal  toara  art  no  matortol  losaat 
anr  ’  disiurbances  due  to  gaps  bahrasn  toa  and  pidas  and  toa  body  of  toa  dnaa  Wlto  toe  drum  standtog 
wrodiy  on  oi  POfH  onQi»  •  pmniMnPN  vnoMni  oi  ww  iiwm  powov  m  vio  woouon  wd  wm  wn 
using  a  funnal  through  a  toad  hoto  In  tia  back  plato  of  toa  dmni  The  drum  la  trsn  piaead  hcdawiaRy. 
and  toa  oorraapondtog  amourR  of  ratotoroamarR  pmsdar  la  addad  to  toa  drum  torough  tha  uaa  af  a 
sr»»  -toRy  dsdgnad  *acoopi*.  ThtoiaaiMtothaanangamarRdMantoFIguraMlwRhthamaMRpoNdar 
wfwntf  uHouum  oi  oio  onsn^  ra  w  fwoomnw  pdraor  lyoiQ  on  w  lunnoo  oi  oio  dm^  sonB  wio 
axhoftoadrum.  AlofthtaitoRdsianiiCQnductoduaatNioerRIgwaaonaaastorangpcltR. 


riguiv  9^  «MMinBic  Of  jii  oifwy  lysiifn  iQf  OMfionQ  wpOTmiiM 
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Tabto^^:  Materlab  for  Blending  Experiments 


Malarial 
(  y-suppUer 

Size 

(as  received) 

Density 

(Sjcif^) 

Shape 

PREP  n*6AI-4V 

•35  mesh 

-4.5 

SphericM 

(Nudear  Metals) 

-SOrnesli 

4.5t 

Spherical 

PREP  n-24Al-ttNb 
(Nudear  Metals) 

•35  mesh 

-4.4 

Spherical 

CpTl 

(AUantlc  Equipment 
Engineers) 

•100  mesh 

-4.5 

Irregular 

Fe  •  Spheromel  100 

•35  mesh 

-7.8 

Spherical 

Fe  •  Atomet  604 
(Quebec  Metal 
Products) 

•35  mesh 

-7.6 

braguiar 

Silcon  CartSde 
(Norton  Company) 

nombtaly  240  grit 

3.20 

Irregular  Sharp 

Boron  Carbide 
(Norton  Comparty) 

nominally  220  grit 

251 

braguiar  Shaip 

cases,  this  usuafly  consists  of  varying  the  speed  of  rotaion  of  the  drun  (eNhor  Inciaastng  of  decreasing) 
and  taMng  pictures  at  set  tnoremenli  of  the  speed  to  determine  tie  macromUno  charactsiMlos  and 
oorrespomflng  motion  of  Vw  bed. 


to  order  to  reduce  the  poesmty  of  oontawinalien  of  tra  leeults,  bash  mabriii  sHI  be  used  ter  bl 
experlmenis  (mioro-  and  macrO'  mixing).  For  those  studsa  almad  at  datamtlrtinB  fia  mtaombdng 
characteriaSca  of  the  bedl  tw  exparbnenta  eA  be  stopped  at  a  predetermined  pobil  and  Cte  bed 
IntBtraled  witi  a  low-visooaily  epoxy  mMital  to  *lreeze*  tre  bed  In  plaoe.  Once  tte  epoxy  sets,  the  bed 

WHgf  Dw  sViflQVVQ  vP  vfiP  COfn^MPP  OO^^a  PfIQ  PPCPOOPO  lOC  ffPOfOPOO^iC  PNPflVnPBPflL  TiPP  pfPOPQUi^  fVIPy 

■po  DP  piii|puypQ  iw  wip  pippprapon  oi  pimpipp  lof  ooflPOPMPon  pxppvnww*  po  rai  w  ppugwp  oi 
the  mixed  bed  way  be  preaeived  ftreugh  to  the  termaBon  of  a  add  maladal.  m  cawa  where  naWtar  of 
the  prevtoue  oaaao  Is  daaired.  then  the  malaital  wM  simply  be  eealad  Ireo  cans  and  dbpoaed  ol  In  the 
approprtate  manner. 


(a).  P.R.E.P.  'n-6Ai-4V  powder 


(b).  P  RE  P.  TI-24A»-11Nbpowdar 


Figura  3-7:  Malertals  lor  usa  in  bletviing  axpartmanls 


(f).  SSoon  CartM*  powd*r 


Flgurv  3*7,  conL 


(g).  Boron  CaibMo  powiJor 


Figuro  3>7,  ;nt 


i ' 
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Rgura  3-6:  Initial  placement  of  reinforcement  and  matrix  charge. 

3.2.4  VartablM  of  Interost  and  Test  Matrix 

As  described  In  the  review  of  prevkxjs  work,  tiere  are  many  operating  varlabtes  which  may  be 
considered  to  have  some  effect  on  the  mixing  of  materials,  and  espedaly  materials  which  have  a 
tendency  towards  segregative  behavior.  It  is  necessary  ttien  to  make  some  estimation  of  tie  degree  of 
importance  of  these  variables  in  order  to  arrive  at  a  reasonable  set  of  experiments  to  perform,  tiat  will 
give  a  complete  picture  of  the  mixing  processes  without  taking  an  Inordinate  amount  of  ttme.  Based  upon 
an  examination  of  the  literature,  the  foNowIng  variables  wM  be  used  in  a  tost  matrix.  This  doeeiy  paraflels 
the  lasts  done  on  (he  model  materials,  so  ttat  a  comparison  of  (he  effects  of  ttese  variables  can  be  easSy 
made,  and  some  deduction  as  to  the  role  of  smaii-parttde  effects  (such  as  electrostatic  forces)  can  be 
made.  The  only  variable  unique  to  this  set  of  experiments  Is  Vie  gas  atmosphere.  In  Vie  case  of  the 
model  materials.  Vie  size  of  the  parVcies  is  such  that  unreasonable  values  of  Vie  gas  pressure  and 
rotaVonal  speed  would  be  required  in  order  to  observe  any  effects  of  changes  In  the  gas. 

•  Percent  fU 

•  Percent  fines 

•  Size  ratio 


Rotating  speed  of  the  drum  (RPM) 


•  Qas  atinosph«i« 

•  Density  ratio 
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Panicie  Shape  (matrix  and  reintoroement) 


The  experiments  will  be  conducted  so  that  in  each  case  the  effect  of  ttie  variable  wM  be  determined 
as  a  function  cf  the  ipm,  l.e..  the  rpm  wHI  be  used  as  the  Independent  variable  Is  each  case.  Ihe 
experiments  wiO  then  be  conducted  In  the  same  manner  as  the  model  malerid  experiments,  using  one  of 
the  other  quantities  as  a  variable  and  keeping  the  rest  fixed.  For  tf>e  size  ratio,  percent  fines  and  percent 
tn.  three  separate  cases  for  each  variable  should  give  a  suffidetrily  broad  spectnm  The  gas 
atmosphere  can  be  varied  both  in  composition  and  pressure,  with  three  variations  for  each  Instance  being 
suffIcienL  These  experiments  wil  be  spodflcaity  targeted  tor  the  visual  observations  of  macromixing,  it 
has  been  demonstrated  in  earlier  work  ttud  results  for  dNIerent  absolute  sizes  of  partides  and  dtxims  can 
be  scaled  using  the  size  ratio  and  tie  nondbnenslonalzed  speed  (co^g).  ttius  slowing  comparison  of  the 
model  material  results  for  macrombdng  to  those  obtatned  for  MMC  matortals  (sub|eol  to  tie  constraint  of 
having  tie  sama  gat  atmosphere).  Onoe  tie  stuatkine  oocrsepondtig  witi  obeenrably  good  macromlxtng 
have  been  estabished,  kivesilgations  of  tie  mleronnbdng  occurring  in  twee  bwtanoee  can  be  examined  In 
a  few  wet  deflned  cases.  The  delals  of  tie  later  experiments  have  not  yet  been  finalzed,  but  writ  Hkety 
be  loss  erne  consuming  than  this  flrst  round  of  experimsnts. 
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Introduction 


This  project  is  designed  to  develt^  a  fundamental  understanding  at  the  defonnadon 
processing  of  short-fiber,  powder-based  metal  matrix  composites  for  high  temperature 
applicadons.  This  knowledge  will  enhance  the  selecdon,  fabrication,  and  performance  of 
these  materials  and  will  complement  die  current  blending  research  at  Carnegie  Melltxi 
described  in  the  previous  secdon.  The  firamework  and  methodology  for  this  project  is 
based  upon  selecting  model  composite  geometries  and  materials  plus  designing  advanced 
deformadon  processing  equipment  in  order  to  physically  and  analyticaUy  noodel  existing 
and  novel  composite  processing  condidons. 


This  rqiort  is  divided  into  the  following  secdoos: 


•  Hmng  of  7*Filaninit  Amya.  The  model  7-filament  geometry  used  for  the 
physical  and  analytical  modeling  of  the  HIPing  process  is  described  in  this  section,  and 
experimental  and  analytical  results  achieved  to  date  using  this  model  geometry  are  reported. 

•  Hoi  Triardal  Compaction.  The  tidonale  for  the  benefits  achievable  by  compacting 
monolithic  powders  and  powder-based  metal  matrix  oon^rosites  using  a  shear  in  addition  to 
a  hydrostatic  stress  is  idendSed.  The  design  and  oonstroction  of  the  nniqiie  hot  Biaxial 
compaction  tqpparatus  built  to  aooomplisb  this  goal  is  described. 

•  Fttturo  Efforts.  Future  deformstion  processiof  efforts  involving  HIPing  and 

hot  triaxial  contraction  are  described.  These  defonoation  processing  studies  will  involve 
composites  fsbricaied  from  SiC  and  Tt-6A14V,  both  in  the  seven-filament  gemnetry  and  as 
short  fibers  and  powders,  reflectively. 
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HIPing  of  7-Filament  Arrays 

A  simplified  model  geometry,  the  7-filament  array  [Figures  1  and  2],  has  been 
developed  to  study  the  micromechanisms  of  powder  consolidation  during  Hot  Isostatic 
Pressing  (HIPing).  As  previously  used  in  study  of  the  sintering  process  physical 
models  allow  observance  consolidation  at  all  stages  under  controlled  ctmditions.  As  a 
result,  the  fundamental  coosolidadon  mechanisms  are  isolated  firm  stochastic  factors 
(e.g.,  random  packing).  The  goals  for  the  use  of  this  T-filament  array  are  to: 

•  identify  the  operative  micromechanisms  in  powder  consolidation  under  both 
both  applied  stress  state  and  ten^tenture. 

•  analyze  the  influence  stress  stale  and  tenqpentute  on  the  resulting 
microstructure  (grain  morphology,  reaction  zone,  dislocation  structure)  to 
develop  a  fundamental  framework  for  optimizing  the  processing  path  for  real 
powder  compacts. 

•  identi^'  the  effect  of  a  reinforcing  phase  on  the  consolidation- 
parameter/miciostructurs  relationship. 

As  will  be  described  in  greater  detail  in  die  next  section,  this  priect  is  focussed  on 
the  effects  of  shear  stress  in  addition  to  a  hydrostatic  stress  on  powder  compaction.  The 
goal  is  to  provide  fundamental  information  on  die  effect  of  shear  mesa  OB  individual 
existing  consolidation  mechanisms  and  possibly  identify  addirinnal  consolidation 
mechanisms  mechanisms  as  welL  The  appproach  is  to  use  scaling  laws,  simple  models, 
and  transmission  electron  microscopy  to  exazxnne  the  dominant  mechaniina  under  a  range 
ofrealistic  processing  conditions  far  unreinftxoed  and  leinfioroed  matrix  material  [Figure 
3].  Work  is  also  proceethng  to  refine  process  oootnds  in  onkr  to  aocomnlaie  and  utilize 
accurate  di^lacement,  temperature,  and  pressure  data  as  a  fimetion  of  tmae. 

In  practice,  the  fiben/wires  are  ananged  and  sealed,  under  vacuum,  in  a  metal  tube. 
Though  more  difficult  to  execute,  these  "canning"  techniquea  are  bnrically  the  ame  u 
dwse  used  ftv  HIPing  of  powders.  Since  the  poipoie  of  this  physical  modeling  is  to 
observe  consolidation  under  controlled  and  easOy  reprodncible  geometrical  and  processing 
cooditioaa,  filament  sizes  may  be  larger  dian  powder  paiticka,  subjea  ID  the  following 
size-aeleciion  criteria: 


•  the  availability  of  a  range  of  sizes  ^jpropiiate  for  scaling  analysis 

•  the  use  of  filament  sizes  sufficiently  close  to  real  powder  sizes  so  that  trends  may 
be  extr^lated  and  mechanisms  operative  in  real  powder  scale  are  not 
overwhelmed  by  mechanisms  dtxninant  at  the  scale  of  the  modeL 

•  the  modeling  of  metal  matrix  compositts,  where  the  reinforcing  fiber  may  be 
placed  either  in  the  interstitial  or  substitutional  sites  in  the  metal  wire  array, 
depending  on  the  t^piopriate  wire  size  which  is  available  and/or  chosen. 

The  nibe  must  be  of  the  same  material  as  die  wires  and  either  provide  as  little 
resistance  to  compressioo  as  possible  or  simulate  die  mechanical  response  of  the  next  12 
filaments  in  a  close-packed  ainqr.  Low  lesistanoe  to  deformation  can  be  achieved  with 
either  a  small  wall  thickness  to  diameter  ratio  or  by  using  a  weaker  tube  mataiaL  For 
example,  in  this  study,  the  tube  used  is  of  commercial  purity  titanium  (CP-’H)  and  the  wires 
of  either  Ti-6A1-4V  or  CP-Ti.  The  rationale  for  diis  material  selectioa  are  given  in  the  next 
section. 

One  final  criterioa  for  the  selection  of  die  overall  conqiact  si»  is  the  ability  to  make 
thin  specimens  for  transmissioo  electtoo  tnicrosoopy  (TEM)  from  die  coDopacts.  Since  die 
compact  geometry  is  new,  adjustments  in  conopacted  sample  size  may  be  necessary  as  the 
TEM  technique  is  developed. 

Extension  of  this  geometry  to  19  filament  arrays  is  possible  [Figures  4  and  5].  The 
19-filament  packing  geometry  is  mae  difficult  but  not  impossible  to  oooiroL  Thisi9- 
filament  geonoetry  is  of  interest  in  that  effects  of  packing  on  the  local  stress  distribution  and 
thus  on  oonsolidatioa  may  be  obaerved.  Rather,  interactions  among  filanrents  in  the 
substitutional  position  can  be  studied  (Hgnre  5A). 

The  criteria  for  a  model  mreerial  system  include: 

•  the  absence  of  a  pervasive,  compaction  inhibiting  oxide  or  odiersutfoce  film. 

•  dre  availability  of  wire  and  a  noo-oottstiaining  or  mechanically  similar  container 
material  (aa  described  above). 
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•  the  absence  of  phase  transfonnations  during  the  deformatioa  processing  cycle. 

•  for  simplicity,  a  single  phase  system,  if  possibble. 

•  a  tcdciostiuctuie  amenable  to  observation  by  TEM. 

•  an  easily  variable  grain  size. 

•  the  availability  of  physical  piopery  data  required  for  analytical  caodeling. 

As  is  the  case  in  this  study,  some  of  these  considerations  may  strongly  influenced 
by  the  desire  to  study  a  particular  system.  In  diis  research  a  compromise  between  material 
specific  and  ideal  model  system  information  is  made.  In  this  series  of  experiments 
Ti-6AI-4V,  a  candidate  con:qx>sice  matrix  material  is  being  studied.  The  major  problem  is  in 
the  additional  complexity  of  analysis  resulting  from  this  two  phase  system.  Cp-Ti  wire  is 
also  studied  fcx  two  reasons:  first,  to  contrast  the  effects  of  particle  hardness  to  particle 
compaction  [Rgure  4]  and  second,  to  make  a  model  contact  with  no  chemical 
inhomogeneities  and  no  second  phase.  With  die  Cp-Tl  wires  and  tubes,  the  analysis  of  the 
stress  distribution  between  tube  and  filaments  can  be  more  accurately  modeled. 

For  the  initial  7-filament  study  i  (Appendix  I),  pure  aluminum  was  chosen  but  has 
been  subsequendy  abandoned  as  a  model  material  owing  to  problems  in  both  sealing  and 
consolidation  resulting  from  the  presence  of  a  tenacious  oxide  film.  The  deleterious  effect 
of  the  oxide  film  on  intcrpardcle  hording  is  well  documented  in  the  ahmdnam  P/M 
literature.  Interestingly,  however  die  use  of  diis  7-filament  geomeny  may  be  the  best  way 
to  observe  local  oxide  film  brruQip  in  diese  materials.  In  addition,  die  use  of  this  film  to 
restrict  certain  diffusiona' mechanisms  in  order  to  isolate  plastic  flow  from  power  law  creep 
during  consoUdation  is  also  a  possibili^. 

The  7-fiIatiKnt  array  has  a  zero  ooosrdidadon  density  of  92%  whereas  powders 
typically  have  a  tqi  density  about  60%.  In  ftet,  some  of  the  modeUnf  efforts  In  die  past 
have  specified  90%  as  the  transition  from  the  intermediate  stage  of  consolidation 
(cylindrical  poRisiv)  to  the  final  stage  (isolaied^ldiericalporosiQrX  Deviations  baaed  on 
die  7-filameot  geometry,  lather  than  limiting  analysis,  enable  simple  modds  to  be  employed 
without  having  to  make  assumptions  about  the  transitions  between  digfafent  stages  of 

flfwicnliHatinw 

The  mechanisms  which  modify  pore  ixnphology  include  those  from  shuering  *■*: 

1.  surface  diffusion  from  a  surface  sotnoe 


2.  volume  diffusion  from  a  surface  source 

3.  volume  diffusion  from  a  grain-boundaiy  source 

4.  grain-boundary  diffusion  from  a  grain-boundary  source 

5.  volume  diffusion  from  a  dislocation  source. 

For  HEPing,  the  following  mechanisms  are  <q)erative 

6.  plastic  flow 

7.  power  law  creep 

8.  diffusional  (Nabarro-Herring,  Coble)  creep 

The  first  approach  to  modeling  has  been  to  add  each  mechanism's  contribution 
indqwndently  based  upon  assumed  geometries  at  qtecific  densities  and  stages  of 
conqMction.  The  problems  assodaied  with  making  this  assumption  are  circumvented  to 
some  extent  by  using  the  7-filanient  geometry;  since  the  iransitioa  from  cylindrical  porosity 
to  closed  spherical  type  porosity  does  not  occur  until  the  very  last  stage  of  consolidation 
[Figure  6A].  where  the  cylindrical  poie  pinches  off  at  various  points  along  the  san^le  (and 
filament)  axis.  This  sinq;)lifies  matters  somewhat,but  some  interaction  still  does  occur 
between  mechanisms  at  various  stages  of  conqtactiQn.  For  example,  die  effect  of 
dislocadon  motion  by  plastic  yielding  and  power  law  creep  can  clearly  affea  Coble  creep 
via  a  dislocation/grain-boundary  interaction.  Hence,  the  dislocations  generated  by 
mechanisms  (6)  and  (7)  will  enhance  mechanism  (5). 

Additionally,  since  oompositB  materials  generally  require  more  dme,  tenverature,  or 
pressure  to  HIP  to  full  density the  constraining  effect  of  a  reinftacing  constituent  most  be 
studied.  The7-filainentgetnoetiy  IS  ideally  suited  to  study  these  densification-inhibiting 
effects  associated  with  the  presence  of  a  reinforcing  constinieoL 

Herring's  scaling  laws  ***  can  be  judicioosly  applied  when  the  entire  driving  force 
for  conaoUdatioo  is  considered.  Thon^  these  laws  ignore  interactions  among 
consolidation  mechanisms,  they  can  be  extremely  useful  if  one  mechanism  stron^y 
donainaies  the  coosotidaiion  process.  The  acafing  law  analysis  defines  die  ratio  of  times  for 
two  different  sized  wires,  Ri  and  RafaARiX  tt>  reach  identical  geometries  (same  shape  • 
differentsizeX  Fbrplasdcflowandcre^diecontribiiiionof  the  surfiKe  energy  to  the 
total  driving  force  IS  genertfly  smaD  caongh  to  be  ignored  meaniof: 
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Atj  = 


at  constant  hydrostatic  pressure. 


Surface  diffiisirn  is  mdependent  of  stress  and  Herring's  analysis,  modified  for 
cylinders,  applies: 

At2  »  X^Ati 

Grain  boundary  has  the  same  derivation  as  surface  stress  but  the  form  of  the  driving 
force  is  (y/R  +  P)  so  that 


Atj  =  X^Ati 

holds  as  long  as  (y  PR)  is  held  constant  Here  y  is  the  surface  energy,  P  is  ^lied 
hydrostatic  pressure  and  R  is  the  original  particle  radius.  As  widt  plastic  flow,  at  HIP 
pressures  the  surface  energy  contribudon  to  the  driving  force  is  small,  so  diat  the 
experiment  is  essentially  performed  at  constant  pressure. 

Volume  diffusion  should  scale  as 

At2  ■  X^Ati 

Therefme,  while  die  analysis  provides  no  insist  on  the  dominact  diffusion  mechanism  in 
densification  (surface  diffusion  is  noo-densifying)  it  b  clearly  seen  diat  an  observation  of 
geometric  similarity  at  constant  conditions  of  pressure,  lempaature,  and  time  is  indicadve 
of  plasdc  flow  or  creep  effects. 
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HOT  TRIAXIAL  COMPACTION 

There  is  anecdotal  evidence  to  indicate  that  imposing  a  shear  stress  in  addition  to 
hydrostadc  stress  during  powder  compaction  will  not  only  enhance  densificadon  but  also 
imporve  the  fracture  resistance  of  the  resulting  compact  The  first  of  these  triaxial 
compacdon  (shear  -»■  hydrostadc  stress)  studies  is  that  of  Koemer^*,  whose  Mohr's  circle 
representadon  of  the  stress  states  and  defonnadon  paths  obtainable  using  cold  triaxial 
compacdon  is  illustrated  in  Figure  8.  For  hot  triaxial  concqjacdon,  the  potential  range  of 
defcrnudonAemperature  paths  is  considerably  increased,  as  is  illustrated  in  Figure.  9. 
However,  none  of  the  previous  invesdgators  of  hot  and  cold  triaxial  compaction  has  been 
able  to  contro?  the  temperature,  shear  stress,  and  hydrostadc  stress  independendy,  Le., 
actually  impose  the  sequence  of  processing  conditions  rqnesented  by  Figure  9.  It  was  this 
need  for  independent  control  of  temperature,  shear  stress,  and  hydrostatic  stress  during  the 
compaction  of  particulates  and  composites  that  nootivated  us  to  design  and  fabricate  our  first 
generation  hot  triaxial  (XMi^doo  unit  as  described  in  the  next  section.  Ihis  fairly  rapid 
triaxial  compaction  has  the  capability  of: 

•  preserving  unstable  miaostiuctures  by  compacting  at  lower 
temperatures,  le.,  trading  shear  stress  for  texrperature  to  achieve 
co«*iparable  densities. 

•  enhancing  ooopact  properties  at  ctxnparaUe  densities  by  promoting 
interparticle  shear  during  cooqractioa. 

•  minimizing  fiber  fracture  during  particulatc/fiber  cortposite  compaction 
by  enhancing  the  flow  of  tire  paiicolatB  matrix  during  coo^wction. 

•  firinimizing  the  fbnnatioo  of  stable  spherical  pores  by  miiumizing 
themal  exposure. 

•  enhancing  the  fracture  resistance  of  structural  ceramics  by  reducing  the 
scale  of  the  defect  geometry. 

Ibe  design  and  oonstructioa  of  the  special  HIP  (hoc  triaxial  coeqMction)  unit  has 
been  the  principal  effort  ID  date.  Tbe  design  of  dtis  nail  essentially  invedves  a  judidous 
comhinatioB  of  established  tedmologiesexecoied  in  a  novdnaanner.  The  vessel  sealing 
and  force  apidrcationbonow  strongly  fton  compressor  technology.  An  in  line  load  cell 
and  hydraulic  control  system  [Figures  10  and  11]  widi  safety  interiocks  was  designed  and 
built  with  the  help  of  John  Richter  feodOx  The  vessel  operates  at  pressures  of  up  to 


60,000  psi  while  at  the  same  time  imposing  an  axial  force  of  up  to  50.000  lb  and  reaching 
the  temperature  leveis  described  below. 

The  first  furnace  module,  based  on  HF  technology,  is  currently  being  tested  and  is 
expected  tc  operate  to  1000®  C.  A  second  design,  similar  to  that  used  in  rock  mechanics 
testing  equipment  *2.13  and  capable  of  reaching  temperatures  of  up  to  1400®  Q  is  currently 
under  construction.  The  need  to  restrict  conductive  heat  transfer  made  it  necessary  to 
design  and  fabricate  alumina  forging  surfaces  with  a  load  train  con:q)riscd  of  both  alumina 
and  zirconia .  Both  furnaces  provide  a  2-1/8"  diameter  x  1-1/2"  high  hot  zone  with  a  1- 
1/2  '  stroke  capability  at  forces  up  to  50,000  lbs  and  pressures  of  up  to  60,000  psi. 

The  initial  specimens  are  being  prepared  using  glass  encapsulation  techniques.  The 
specimens  dimensions  are  1"  diameter  and  at  least  1"  high,  which  will  provide  a 
reasonable  specimen  size  for  subsize  tensile,  bend,  Charpy,  and  fatigue  tests. 
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Future  Efforts 

Ashby's  hot  isostatic  pressing  diagrams  provide  a  useful  compilation,  organization, 
and  modeling  of  the  HIP  consolidation  performed  to  date.  The  equations  for  this  analysis 
are  given  in  reference  1  (Appendix  I).  Future  analytical  efforts  will  be  directed  at 
modifying  these  maps  to  include  the  effects  of  imposing  a  shear  stress  in  addition  to  a 
hydrostatic  stress  during  the  compacdon  process. 

Examining  the  cracked  fibers  shown  in  Figures  5A  and  7A  leads  us  to  suspect  that 
they  occurred  during  processing.  Certainly  fibers  arc  damaged  during  extrusion 
and  in  forging  of  fully  dense  composites  In  the  latter  case,  fiber  to  fiber  contact  was 
seen  to  precipitate  fracture  of  tungsten  wires  in  a  superalloy  matrix. 

TEM  studies  are  being  initiated  to  examine  the  local  microstructural  changes  during 
HIP  and  relate  them  to  die  operadve  mechanisms. 

One  accepted  and  one  submitted  abstract  of  future  presentations  are  contained  in 
Appendix  H. 
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FIQ.1 :  idealized  geometry  for  physical  model  of 
powder  consolidation.  The  tube  is  evacuated  and  the 
ends  are  TIG  welded  prior  to  HIP  cycle. 
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FIG.  2:  Ti-6AL-4V  filaments  consolidated  at  750  C  and 
15,000  psi  in  a  CP  Titanium  tube.Prior  Particle 
Boundaries  (PPBs)  show  small  amounts  of  residual 
porosity. 


FIG.  3:  CP  Titanium  filament  with  SiC  SCS-6 
reinforcement  colsolidated  at  650  C  and  10,000  psi. 
Pores  are  sharply  cusped  at  final  stages  indicating 
dominance  of  dislocation  type  densification 
mechanisms.Pores  around  SCS-6  fiber  show  high 
variability  in  closure  rate  where  matrix  pores  disiplay 
narrow  size  distribution. 


FIG.  4: 19  filament  array  of  Ti-6AI-4V  filaments  with  one 
CP  Titanium  filament  and  one  SiC  SCS-6  fiber. 
Deformation  of  CP  Ti  filament  appears  to  Indicate 
plastic  flow  mechanism  since  a  higher  diffusion 
coefficient  is  expected  for  the  Ti-6AI-4V. 

(650  C  and  10,000  psi) 
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FIG.  5  A:  19  filament  array  with  SiC  SCS-6 
reinforcement.  Pores  are  filled  with  epoxy. 

FIG.  5  B:  Uniform  pore  size  is  observed  around  the 
single  fiber  and  in  the  matrix. 

(650  C  and  10000  psi) 


FIG.  7  A,  7  B:  Adjacent  filaments  constrain 
consolidation.  SCS-6  fiber  damage  apears  to  be 
processing  related. 
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TRIAXIAL  STRESS  STATES  AND 
DEFORMATION  PATHS  USED  BY  KOERNER 


(Compression  is  positive) 


FIG.  8:  Triaxial  Processing  Paths. 


77 


TRIAXIAL  STRESS/TEMPERATURE  PATHS 
OBTAINABLE  USING  HOT  TRIAXIAL  COMPACTION 


o 


T«mp«ratur« 


FIG  9:  Hot  Triaxial  Processing  Paths. 
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FIG.  10:  HIP  Control  Systems 


FIG  1 1 :  HIP  Pressure  Systems. 
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A  ^Mtcalton  of  Tfto  MoMllurgIcal  Socloly.  Inc. 
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Hot  Triaxial  Consolidation  of  Powder  Compacts: 

H.  R.  Pichler,  D.  M.  Watkins.  M.  A.  Khuni,  Carnc^c  Mellon  University, 
Pittsburgh.  Pa.  15213 

Triaxial  consolidation  of  powders  has  been  studied  in  a  hot  isostadc  press  (HIP) 
modified  to  impose  an  acWtional  axial  compressive  force.  The  uniaxi^ 
compressive  force  imbalances  the  hydrostatic  stress  state  and  superimposes  a 
shear  stress  during  compaction.  This  novel  process  allows  for  fiiUy  general 
loading  on  the  conmact  in  that  the  shear  and  hydrostatic  components  may  be 
controlled  independently.  Triaxial  compaction  differs  from  sinter  forging  where 
the  shear  and  hydrosutic  components  are  inherently  coupled  during  compaction. 
Increased  dcnsification  and  improved  mechanical  propeities  have  t^n  observed 
in  metallic  and  ceramic  powder  consolidated  with  shear  superinq)osed  on  the 
conventional  hydrostatic  stress.  Effects  of  processing  paths  involving  different 
trajectories  in  temperarore,  pressure,  and  shear  stress  space  are  described.  Initial 
experimental  results  for  o^^l  systems,  Ti-6A1-4V  and  ceramics,  consolidated 
for  a  range  of  processing  trajectories  arid  rates  are  presented  and  discussed  in 
terms  of  the  operative  micnxnechanisms  and  macrosct^ic  flow  during 
consolidation. 


To  be  presented  at  the  TMS  Annual  Meeting,  Fonzdng  o(  Advanced  Materials, 
Las  Vegas,  Feb.  28,  1989. 


Hot  Triaxial  Compaction:  A  First  Report  on 
Shear  Plus  Hydrostatic  Pressing  Diagrams 
and  Initial  Experimental  Results 


Henry  R.  Piehler  and  Daniel  M.  Watkins 
Professtx’  and  Graduate  Student,  respectively 
Deformation  Processing  Laboratory 
Department  of  Metallurgical  Engineering  &  Materials  Science 
Carnegie  Institute  of  Technology 
Carnegie  Mellon  University 
Pittsburgh.  PA  15213-3890 


Described  herein  is  a  novel  compaction  process,  hot  triaxial  compaction,  which 
utilizes  controlled  levels  of  both  shear  and  hyt^tadc  stress  to  consolidate  compacts  at 
elevated  temperatimes.  The  shear  component  is  imposed  by  applying  an  axial  force  (tension 
or  compression)  via  a  ram  and  movable  seal  in  a  inodified  hot  isostatic  pressing  (HIPing) 
unit.  This  hot  triaxial  compaction  system  is  capable  of  achieving  a  pressure  of  60,000  psi, 
a  temperature  of  12(X)**  C  and  an  axial  force  of  50,000  lb. 

The  prmcipal  benefits  of  hot  triaxially  compacting  monolithic  materials  are  enhanced 
densification  (at  constant  time,  temperature,  and  pressure)  resulting  from  shear-induced 
deformation  as  well  as  enhanced  petformance  in  the  resulting  compact  Enhanced 
performance  can  result  from  improved  particle  bonding  caus^  by  increased  shear-induced 
uiterparticle  sliding  during  compaction.  In  addition,  enhanced  pmoimance  can  be  achieved 
by  retarding  the  decomposition  of  unstable  microstructures  by  triaxially  compacting  at 
lower  temperaiures  than  those  required  to  achieve  the  same  density  using  conventional 
HIPing;  in  essence,  trading  shear  stress  for  temperature  to  achieve  the  same  density.  Hot 
triaxial  compaction  of  composites  can  also  be  used  U)  reduce  the  extent  of  reaction  zones  by 
compacting  at  lower  tempenuures  to  achieve  comparable  densities,  again  trading  shear 
stress  for  temperature.  In  addition,  hot  triaxial  compaction  of  powda-manix  short  fiber 
composites  should  reduce  fiber  fracture  during  consolidation  bixause  oi  die  enhanced 
plasticity  of  the  matrix  compared  to  that  duiiig  HIPing. 

The  effect  of  shear  stress  on  the  identification  of  the  domiiuuit  densification 
mechanism  is  characterized  by  modifying  the  traditional  hot  pressing  diagrams  to  include 
shear  stress  as  a  third  dimension.  Some  initial  results  for  these  shear  plus  hydrostatic 
pressing  diagrams  are  presented. 

Initial  results  for  hoc  triaxially  compacted  conqposites  fabricated  using  sheet  SiC 
fibers  and  Ti-6A1-4V  powders  are  presented  as  welL 

Subalctcd  for  prastncaclon  at  eh«:  Second  International  Conference  on  '^t 
Isostatlc  Pressing  -  Theory  and  Applications" 
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TASK  2 

High  Temperature  Structural  Materials 

H.J.  Rack,  Investigator 


Task  2  of  the  URI  on  High-Temperature  Metal  Matrix  Composites,  the  task  title  of  which  is 
"Modeling  of  Consolidation  and  Deformation  Processing  of  Composites”,  is  being  conducted  at 
Clemson  University,  and  has  three  sub-tasks.  The  Annual  Report  for  this  Task  consists  of 
separate  summaries  for  each  of  the  three  sub-task  projects.  They  are  listed  below,  with  the  titles  of 
the  summaries  reflecting  the  topics  of  the  individual  projects.  The  first  sub-task  addresses  the  need 
to  understand  and  improve  interfacial  behavior  and  control  of  bonding  between  reinforcements  and 
maciix  in  metal  manix  composites.  The  second  is  a  preliminary  investigation  of  titanium  aluminide 
alloys,  including  those  of  Ti-Al-V  composition  as  well  as  the  more  widely  studied  Ti-Al-Nb-V 
alloys,  with  the  intent  to  apply  this  knowledge  to  development  of  aluminide-matrix  composites. 
The  third  sub-task  is  a  study  of  a  model  composite.  TiC  reinforced  Inconel  718,  in  which  the 
matrix  alloy  is  a  well-studied  and  widely-used  nickel-base  superalloy  of  intermediate  temperature 
capability,  and  with  particulate  reinforcements  of  TiC,  which  is  relatively  stable  in  7 18. 


Page 

SUB-TASK  1 

"Interfacial  Modification  in  Metal  Matrix  Composites” 

J.P.  Clement,  K.T.  Wu,  H.G.  Spencer  and  H.J.  Rack  92 

SUB-TASK  2 
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INTRODUCTION 

The  influence  of  exposure  Ce>nperature  and  time  ca  fiber-matrix 
interactions  in  metal  matrix  composites  has  been  examined  for  almost  twenty 
years.  Repeated  thermodynamic  calculations  indicate  that  fiber-matrix 
reactions  are  the  rule^  rather  than  the  exception.  Calculations  shown  in 
Figure  1  illustrate,  for  example,  that  reactions  of  elemental  C(graphite) 
with  elemental  A1  and  Ti  are  thermodynamically  favored  over  a  wide  range  of 
temperatures.  Furthermore,  AI4C3  formation  at  a  graphita(C)/Al  interface 
results  in  a  ouirked  reduction  in  the  fiber's  strength^.  Exposure  of  PITCH 
and  PAN-based  graphite  fibers  to  molten  aluminum  at  680*C  for  two  minutes 
results  in  a  decrease  of  10  and  50  percent,  respectively,  in  the  fiber's 
tensile  strength^. 

Investigations  of  both  A1  and  Tl-based  continuously  reinforced  metal 
matrix  composites  do  suggest  however  that  the  details  of  reaction  layer 
growth  are  system  specific,  as  summarized  for  Tl-based  metal  matrix 
composites  in  Table  1.  In  addition,  examination  of  the  SiC/Ti  results  show 
that  these  reactions  are  extremely  sensitive  to  fiber  pre-treatment.  For 
example,  the  introduction  of  a  C-rlch  layer  drastically  reduces  the  rate  of 
layer  growth  in  SiC  reinforced  composites^.  However,  once  this  C-ricb  region 
is  consummed,  the  rate  of  growth  returns  to  that  of  the  uncoated  fiber^. 
Unfortunately,  this  sensitivity  also  makes  direct  coi^risons  and 
correlations  between  systems,  and  between  different  investigators  extremely 
difficult.  For  example,  Tressler  et.  al.*  suggested  that  the  reactivity  of 
selected  fibers  with  a  Ti-40A  matrix  could  be  rated  in  the  order,  from 
highest  to  lowest,  SiC-Al203-B,  while  *^«anedy  and  Geschlnd's  results 
suggest  that  this  order  should  be  Al203-B-8iC  for  reactions  observed  in  a 
similar  Ti-70A  matrix. 
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TABLE  1 

Interfacial  Reactions  in  Continuous  Fiber  Reinforced 
Titanium  Metal  Matrix  Composites 


System 

Max.  Reaction 
Temp.  (“O /Time (h) 

Reaction  Products 

Ref 

SiC/Ti-6Al-4V 

1000/(a) 

Ti5Si3(TiC)/TiC 

3 

SiC/Ti-6Al-4V 

955/10 

(a) 

4 

SiC(SCS-6)/Ti-6Al-4V 

900/100 

TiC,Ti5Si3/TiC(Ti5Si3)/Ti5Si3 

5 

SiC  /Ti 

1150/8 

TiC 

6 

SiC/Ti-6Al-4V 

950/1 

TiC/Ti5Si3 

7 

Al203/Ti 

Ti3Al/Ti0-type  (Ti, 61)203 

8 

/Ti-6A1-4V 

It 

8. 

/Ti-8Al-lV-lMo 

926/70 

It 

8 

/Ti-6Al-2Sn-4Zr- 

•2Mo  926/70 

tt 

8 

/70A,  7SA 

1000/100 

(Ti3Al/Ti2Al/TiAl) 

10 

B/Ti-40A 

/Ti-75A 

1038/7000 

TIB2 

II 

11 

B/Ti-Si .Sn.Cu.Cr ,A1 , 
Mo.Zr.V  (b) 

760/100 

II 

Borsic/Ti-6Al-4V 

955/10 

(A) 

4 

B4C-B/Ti-6Al-4V 

955/10 

(a) 

4 

W/Ti-75A 

1000/100 

Ti-W  Eutectoid 

10 

/Ti-75A 

930/ 

11 

C/Ti-70A 

(•) 

TiC 

10 

(a)  NG-Not  reported 

(b)  Exact  composition  not  given 


While  the  details  of  fiber  preparation,  prior  to  incorporation  into  a 
metal  matrix  composite,  have  often  not  bean  provided,  the  kinetics  of  layer 
growth,  once  this  layer  has  been  established,  has  been  found  to  obey  a 
parabolic  rate  law,  where  the  thickness,  x,  of  the  reaction  layer  can  be 
described  as  a  function  of  the  exposure  time,  t,  by, 12, 13 


x“  ■  f  (exp  (-Q/RT)1  t 
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where  n,  the  parabolic  index  is  a  function  of  matrix  crystal  structure,  K  is 
a  constant  whose  value  depends  upon  the  matrix  composition  and  crystal 
structure  and  includes  diffusional  pre-exponential  terms,  Q  is  the  activation 
energy,  R  is  the  gas  constant  and  T  is  the  absolute  temperature.  Detailed 
examination  of  kinetic  data  suggests  that  it  should  be  possible  to  develop 
either  a  xatrix  composition  or  Interfacial  barrier  coating  which  retards 
r  :.ber-.cacr ix  interactions. 

Two  previous  attempts  utilizing  the  former  approach  in  Ti-based  metal 
matrix  composites  have  been  reported^^*^^.  Metcalf  and  Klein^^  found  that  & 
Isofflorphous  alloying  additions  were  most  effective  in  retarding  fiber-matrix 
interactions.  Guzel  et.  al.'s  more  recent  study^^  has  reinforced  this 
conclusion  and  has  suggested  that  the  search  for  ccmpatible  titanium  matrices 
be  extended  "outside  the  a  +  9  region". 

Alternatively,  fiber  surface  coatings  have  attracted  detailed  attention. 
Coatings  have  bean  designed  to  promote  vetting,  while  simultsxMomsly 
provide  e  barrier  against  excessive  fiber-matrix  intsraetlom.  These  costings 
may,  in  addition,  facilitate  load  transfer  between  the  metrlx  end  the  fibers 
and  could,  in  theory,  serve  es  mechenicel  fuses  to  leolate,  hy  Interfece 
de lamination,  any  impinging  reaction  sons  cracks. 

Of  necessity,  the  costing  should  be  homogenous  end  have  e  alalmel 
thickness.  The  latter  criteria  is  particularly  Important  sines  previous 
studies  have  shown  that  the  tensile  strength  of  coetod  fibers  dsersess  with 
inersssing  layer  thickness Fiaelly,  the  coetinge*  coefficient  of 
thermal  expensiom  should  be  teilorod  to  that  of  tha  matrix  ia  ordar  to 
ainiaiza  residual  strssaes  at  tha  fiber-matrix  intarfacs. 

Many  fiber  coating  techniques  have  been  examined.  For  exeavle,  TIC  end 
TIB2  coatings  on  C  end  C  om  SiC  have  been  applied  euecesafuliy  hy  chemical 
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vapor  deposition  (CVD),  and  most  continuous  metal  matrix  composites  are 
produced  utilizing  this  approach^^>^^.  The  coatings  produced  by  CVD  have  been 
found  to  effectively  promote  wetting  and  bonding  between,  for  example,  SiC 
and  Al/Mg/Ti22,23^  graphite  fibers  and  Al/Mg2^»25,  TiB2  coatings  are 
effective  because  they  mitigate  the  reaction  between  graphite  and  the  metal 
matrix,  B  on  the  C  surface  reducing  the  number  of  available  active  sites  for 
the  reaction^^: 

A1  +  C  ->  AI4C3. 

In  contrast,  TiC  coatings  are  thermodynamically  stable  with  respect  to  AI4C3 

formation^^ . 

Although  CVD  processing  has  been  successfully  utilized  for  both  C  and 
SIC  fibers,  it  is  limited  in  the  barrier  compositions  that  can  be  applied. 
Furthermore,  at  least  for  C  fibers,  the  TiB2  coating  is  not  air  stable. 

Recently,  Katzman  at  have  reported  the  development  of  a 

simpler  method  for  producing  an  air  stable  C  fiber  coating.  The  coating 
procedure  utilizes  a  sol<*gel  process,  whereby  C  fibers  are  passed  through  an 
organometallic  solution,  the  organometallic  compounds  pyrolyzed  or  hydrolyzed 
to  form  an  Si02  metal  oxide  coating. 

This  approach  appears  to  offer  a  major  advance  over  CVD  processes  and  is 
the  basis  for  the  research  reported  herein.  Emphasize  in  this  investigati.;>n 
has  been  placed  00  Ti02  sol  coating  of  C  fibers  for  inclusion  in  either  an  A1 
or  a  high  temperature  titanium  aluminide  matrix. 

E.XPERlMEyrAL  PROCEDURES 

Two  sol-gel  coating  strategies  have  been  pursued  in  this  investigation. 
The  first  involved  hydrolysis  of  metal  ions  dissolved  in  acidic  water 
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solutions.  Following  dissolution,  the  pH  was  Increased,  as  the  pH  increased 
the  degree  of  polyaerization  of  the  hydrous  inetal  oxide  Increased,  the 
polyacr  solubility  decreased  and  a  gel  was  formed. 

Continued  increase  of  the  pH  however  contributed  to  floe  formation, 
i.e.,  aggregation  of  primary  particles.  Coating  of  a  surface  with  a 
continuous  uniform  thickness  of  hydroxide  requires  that  gelation  be 
intercepted  prior  to  floe  formation.  Unfortunately,  initial  experiments 
using  glass  slides  and  carbon  fibers  produced  coatings  that  appeared  to  be 
collection  of  floes,  that  is  Individual  particles,  rather  than  a  uniform 
coating.  Attempts  to  overcome  this  barrier  by  utilizing  very  dilute  metal 
ion  concentration,  e.g.,  10“^  H,  were  also  unsuccessful.  Further  study 
utilizing  a  oMtal  alkoxide  in  an  alcohol  solvent  suggests  that  floe  formation 
is  catalyzed  by  K2O,  therefore  future  attempts  to  develop  directly 
hydrolysized  sols  will  be  directed  towards  non^aqueous  solvents. 

The  second  strategy  utilized  ia  this  study  involved  syntheziz  of  metal 
oxides  from  metal  alkoxidez  in  nwaqueouz  solvents;  the  more  commoa  zol*gel 
procedure.  Ti02  sol  coatings  were  selected  for  study  in  this  Investigation. 
This  selection  was  based  upon  the  thermodynamic  stability  of  TiOg  with 
rc.spect  to  TIC  formation,  see  Table  2,  the  known  ability  of  T1  to  enhance  the 
wettability  between  metals  and  ceraaics^^*^^,  and  finally  its  ready 
availability  in  the  fora  of  a  metal  alkoxide  precursor,  titanium  isopropoxide 
(TIP). 

Early  experiments  indicated  that  control  of  envirotaent  is  extremely 
critical  in  controlling  the  hydrolysis  reaction,  indeed  the  reaction  appears 
to  be  initiated  by  atmospheric  moisture.  Therefore,  all  coating  experiments 
were  performed  in  a  nitrogen  controlled  atmosphere  dry  box.  Figure  2. 
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Table  2 

Tharmodynamic  Stability  of  Selected  Oxides  with 
Respect  to  Carbide  Formation 


+~ - 

1  Oxide 

1 

1 

1 

1 

1 

1 

Temp.  (*C) 
for  AG*  =  0 

- + 

1 

1 

1 

1 

1 

i  AI2O3 

1 

1 

1 

1 

1 

1 

1925 

1 

1 

1 

1 

1 

1  Hf02 

1 

1 

1 

1 

1 

1750 

1 

1 

1 

1 

1  Zr02 

t 

1 

1 

1 

1 

1730 

1 

1 

1 

1 

1  Si02 

1 

1 

1 

1 

1475 
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1 

1 

i  Ti02 

1 

1 

i 

> 

1200 

1 

I 

1 

1 

1 

1 

1 

Glass  slides  were  utilized  for  many  of  the  initial  coating  experiments. 
Tnese  slides  had  previously  been  cleaned  followicf  the  procedures  outlined  in 
Table  3.  These  experiments  were  supplemented  by  coating  C  vapor  deposited 
slides,  the  latter  intended  to  simulate  a  C  fiber  surface.  Finally,  coating 


Table  3 

Glass  Slide  Cleaning  Procedure 

-  Rinse  with  water 

-  Immerse  in  approximately  3H  nitric  acid 
->  Rinse  with  Veter 

-  Immerse  in  isopropenol 
•  Store 
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trials  were  performed  utilizing  unsized  high  strength  PAN  and  PITCH  base 
carbon  fibers,  AMOCO  T650/42  and  AMOCO  PIOOS,  Figure  3.  The  mechanical  and 
physical  properties  of  these  uncoated  fibers  are  listed  in  Table  4. 


Table  4 

Carbon  Fiber  Properties* 


Fibers 

Tensile 

Sirengch 

KPsi 

Young ' s 
Modulus 
MPsi 

Tensile 

Strength 

MPsi 

Young's 

Modulus 

GPa 

Density 

g/cc 

Diameter 

pm 

T  300 

522 

34 

3.6 

234 

_ LIT _ 

6.8 

T  650/42 

760 

44 

5.2 

304 

mm 

P  55S 

275 

55 

1.9 

380 

2.15 

mi 

325 

105 

2.2 _ 

724 

2.00 

9.7 

All  fibers  are  shear  treated  and  unsized 


Prior  to  actual  coating,  extensive  Investigations  of  solution  stability 
were  undertaken.  These  studies  included  examinations  of  the  role  of 
H20/alkoxide  ratio,  molarity,  acid  content  and  temperature  on  stability. 
Solution  stability  was  assessed  by  measurements  of  the  solution's  specific 
viscosity  and  turbidity  as  a  function  of  time. 

All  coating  was  performed  utilising  a  controlled  dipping  process  where 
the  velocity  of  withdrawal  from  the  coating  solution  was  fixed.  Following 
dipping  the  coated  samples  were  introduced  into  a  humidity  controlled  oven  at 
60*C,  so  that  the  coatings  were  simultaneously  aged,  and  in  part  dried. 
Selection  of  this  drying  te^Mrature,  as  well  as  the  subsequent  firing 
temperature  was  based  on  preliminary  DSC  and  TCA  evaluations.  Figure  4. 

These  results  revealed  that  drying  occurs  between  room  temperature  and  200*C, 
with  a  maximum  desorptioo  of  the  solvents  at  12S*C.  Above  200*C,  the 


100 


desorption  of  the  solvents  is  complete,  the  constant  slope  on  the  DSC  curve 
probably  being  due  to  the  carbonization  of  the  remaining  OR  groups .  The  TGA 
observations  confirm  that  the  maximum  weight  loss,  25  percent,  occurs  during 
drying,  with  the  weight  loss  between  200°C  and  400°C  being  smaller, 
approximately  5  percent.  Above  400*C  the  weight  loss  is  negligible. 

Following  drying,  coated  samples  were  fired  at  300"C  for  15  minutes  to 
complete  the  conversion  of  the  coating  from  a  gel  to  a  ceramic,  this 
transformation  being  confirmed  by  X-ray  analysis. 

Coating  thickness  was  assessed,  both  prior  to  firing  and  following 
firing,  utilizing  UV  spectroscopy  and  Fizeau  interferometry.  !n  addition, 
coating  uniformity  was  assessed  by  scanning  electron  microscopy,  assisted  by 
EDA.X  chemical  analysis. 

Finally,  qualitative  changes  in  fiber  wettability,  as  influenced  by 
coating,  were  evaluated  by  liquid  metal  vacuum  infiltration  of  C  fiber 
preforms  by  pure  aluminum.  This  procedure  used  a  special  pressurized 
autoclave.  Figure  5.  Operationally,  this  procedure  utilizes  pressurized  gas 
to  force  molten  metal  into  a  fiber  preform,  the  threshold  pressure  for 
infiltration  initiation  being  correlated  with  the  wettability^^.  For 
example,  P^,  the  capillary  pressure  necessary  to  raise  a  liquid  column  in  a 
capillary  of  radius,  r,  is  be  given  by: 

Pc  -  (  2  *  fiv  *  Co*  ®  )  /  » 

where  is  the  liquid-vapor  interfacial  energy,  and  6  is  the  wetting  angle. 
When  liquid  is  forced  through  the  fiber  preform  by  an  applied  pressure,  a 
threshold  pressure  must  be  exceeded  before  flow  commences.  This  threshold 
pressure  can  be  measured  and  converted  into  contact  angle  values  by  replacing 
r  with  the  hydraulic  radius  rh  (rh  *  volume  of  liquid  in  the  pore  space 
divided  by  the  wetted  area)^. 
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Optical  and  transmission  electron  microscopy  were  also  utilized  to 
examine  fiber-metal  interactions  in  these  pressure  infiltrated  composites 
containing  coated  and  uncoated  fibers. 

RESULTS 

Solution  Stability 

Figure  6  shows  that  increasing  H2O  content,  at  fixed  titanium 
isopropoxide  (TIP)  molarity,  does  not  have  a  marked  effect  on  the  rate  of 
change  in  turbidity  with  solution  aging  time.  However,  increased  H2O  content 
does  drastically  decrease  the  solution  stability,  the  latter  being  defined  as 
the  time  required  for  a  step-wise  change  in  the  turbidity.  Visual 
observations  confirmed  that  this  step-wise  change  is  associated  with  a 
clouding  of  the  solution,  presummably  thru  the  agglomeration  of  colloidal 
particles . 

Solution  stability  can  also  be  controlled  by  altering  the  acid 
concentration  and  solu.lon  temperature.  Figures  7  and  8,  respectively.  For 
example.  Increasing  the  acid  concentration  to  2.8  x  10*^  m/1,  at  a  fixed  TIP 
molarity  and  fixed  TIP  to  H2O  ratio,  increases  the  solution  stability  from 
less  than  1  hr.  to  greater  than  3  hrs.  Further,  decreasing  the  solution 
temperature  from  40"C  to  20*C,  Increases  the  solution  stability  from 
approximately  26  minutes  to  approximately  4S  minutes.  Based  on  these  results 
a  solution  chemistry  of  TIP  •  0.3  m/1,  an  acid  content  of  8  x  10*^  m/1  and  a 
TIP  to  H2O  ratio  of  10,  operated  at  30*C,  were  selected  for  coating 
evaluation. 

As  described  previously,  coating  evaluation  involved  vertical  withdrawal 
of  cleaned  glass  slides  from  the  TIP  solution.  Figure  f  shows  that  as  the 


speed  of  the  withdrawal  increases,  at  least  within  the  ran^e  of  withdrawal 
speeds  exaiained  in  this  study,  the  thickness  of  the  coating;  produced 
increases.  Furthermore,  this  data  Indicates  that  an  approximate  30  percent 
reduction  in  thickness  should  be  expected  when  a  dried  coating  is  fired.  For 
instance,  the  thickness  of  a  coating  that  had  been  dried  for  10  min.  at  60°C, 
decreased  from  120m3  to  lOAnm  when  fired  at  300*C  for  15  minutes.  Toe  use  of 
higher  firing  temperatures,  e.g.,  S00“C  versus  300“C,  only  slightly  alter 
(densif icacion,  sintering)  the  final  coating  thickness. 

Coating  thicknesses  can  also  be  controlled  by  altering  the  TIP 
concentration  and  the  number  of  dips.  Figures  10  and  11.  For  example, 
increasing  either  the  solution  molarity  or  the  number  of  dips  increases  the 
coating  thickness.  Figure  11  further  suggests  that  the  original  surface 
energy  has  a  role,  albeit  a  seemingly  secondary  one,  on  the  coating  thickness. 
The  initial  dip  resulted  in  a  surface  coating  thickness  of  25nm,  while  each 
subsequent  dip  resulted  in  an  increase  in  thickness  of  45nm.  Similar 
conclusions  can  be  maofi  from  the  C  coated  slides,  where  under  identical 
conditions,  fired  sol  coatings  were  thinner  than  might  be  expected  from  the 
clear  glass  slide  results. 

Carbon  Fiber  Coating 

Carbon  fiber  coating  utilized  the  dipping  procedures  previously 
established  for  the  glass  slides,  with  the  fibers  being  dipped  as  tows,  12000 
filaments  for  the  PAN  base  and  2000  filaments  for  the  Pitch  base  fibers. 
Initially  the  withdrawal  speed  was  24  cm/min,  and  the  alkoxide  concentration 
was  TIP  >0.3  mol/1.  Although  these  conditions  had  previously  produced  80nm 
crack  free  uniform  coatings  on  carbon  coated  glass  slides,  the  fiber  tows 
were  not  coated  uniformly,  the  dipping  solution  being  trapped  between  fibers 
by  capillary  forces.  As  a  result,  coatings  after  drying  were  much  thicker 
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and  many  fibers  were  glued  to  each  other  by  metal  hydroxide  bridges,  Figure 
12.  Firing  caused  these  coatings  to  crack. 

Reduction  of  the  solution  concentration  to  0.03inol/l  completely 
eliminated  the  formation  of  bridges.  Figure  13.  with  the  presence  of  Ti02  on 
the  fiber  surface  being  confirmed  by  EDAX  analysis,  Figure  lA. 

t 

Finally,  Figure  IS  demonstrates  the  qualitative  enhancement  in  fiber 
wettability  that  can  be  achieved  by  sol  coating  of  the  graphite  fibers. 
L'ncoated  fibers  tend  to  clump  during  pressure  infiltration.  Figure  lS(a), 
while  coated  fibers  are  dispersed  within  the  pure  A1  matrix.  Figure  lS(b). 

DISCUSSION 

*  Metal  alkoxides  are  known  to  react  vigorously  with  water  to  produce 
metal  hydroxides.  The  reactions  are  complex  but  can  be  represented  for 
simplicity  in  two  steps. 

I 

Hydrolysis 

M(0R)n  ♦  H2O  — >  M(0R)n.i  (OH)  ♦  R(0H) 

*  Condensation 

daalcoholatlon 

M(0R)n  ♦  M(0R)n.i  (OH)  - >  M20(OR)2n-2  +  *(0H) 

t  dehydration 

M(0R)n.i  (OH)  ♦  W(0R)n-2  (OH)  - >  M20(OR)2n-2  ♦  »20 

These  reactions  occur  simultaneously  asking  it  difficult  to  separate  the 
k  hydrolysis  and  condensation  steps,  with  the  overall  reaction  being: 

MlOR)n  4  (n/2)H20  - >  HOn/2  ♦  nR(OH) 

In  analogy  with  SIO2  sols,  the  hydrolysls-ccndensation  of  kitaniua 
I  isopropoxide  (TIP)  is  expected  to  yield  an  oxide  network,  i.e., 

» 
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Ti-OP  *  H2O  - >  Ti-OH  +  R(OH) 

Ti-OH  +  RO-Ti  - >  Ti-O-Ti  +  R(OH) 

Ti-OH  +  OH-Ti  - >  Ti-O-Ti  +  H2O 

with  the  degree  of  polymerization  being  controlled  by  TIP  to  H2O  ratio, 
solution  molarity,  temperature  and  acid  content.  In  general,  the  degree  of 
polymerization  in  TIP  sols  appears  to  be  controlled  by  the  TIP  to  H2O  ratio 
as  long  the  ratio  is  less  than  the  stoichiometric  value^^.  The  coating 
microstructure  will,  in  turn,  depend  on  the  pH  of  the  solution.  If  an  acid, 
as  in  the  present  investigation,  is  used  as  a  catalyst  the  polymer  chains 
grow  in  a  more  linear  fashion;  therefore,  the  final  polymer  film  will  cover 
the  substrate  more  efficiently  and  will  be  less  likely  to  crack.  In 
contrast,  if  a  base  had  been  added  to  the  solution  the  final  coating  would 
have  beer,  more  like  a  Jutaposition  of  particles  loosely  attached.  The 
coating  would,  therefore,  have  been  more  porous  and  more  sensitive  to 
cracking^^. 

The  turbidity  results  further  suggest  that  as  the  TIP  solution  ages  the 
degree  of  polymerization  increases  with  the  sol  being  converted  to  a  polymer 
network  witn  more  and  more  crosslinks.  Haximua  coating  efficiency,  that  is 
the  development  of  a  thin  uniform  coating,  is  associated  with  partically  aged 
TIP  solutions.  Once  coat'd,  evaporation  of  the  solvent,  drying,  can  be 
started  at  any  time.  During  this  stage  the  polymer  network  shrinks  as  fast 
as  the  solvent  evaporates.  If  the  network  is  not  stiff  enough,  i.e.,  it  has 
not  been  aged  long  enough,  it  will  collapse  and  crack  during  drying.  Because 
it  increases  the  coating  strength,  aging  before  drying  also  presents  one 
method  of  minimizing  the  coatings'  tendency  to  crack. 

Further,  the  current  study  has  shown  that  air  stabla  Ti02  coated  C 
fibers  may  be  formed  at  low  temperature,  that  is  all  processing  being  carried 
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out  at  temperatures  below  300®C.  By  controlling  the  solution  concentration, 
pH,  temperature,  and  time  of  immersion  it  is  possible  to  control  the 
uniformity  and  the  thickness  of  the  resultant  oxide  coating.  A  given 
thickness  can  be  obtained  many  different  ways,  for  example,  multiple  dipping 
in  a  low  alkoxide  concentration  solution. 

Finally,  preliminary  data  suggests  that  Ti02  coatings  can  enha.nce  the 
wettability  of  C  fibers.  Currently  ongoing  transmission  electron  microscopy 
is  designed  to  examine  what,  and  to  what  extent  reactions  laay  have  occurred 
diring  pressure  infiltration  of  TiO^  coated  C  fibers. 
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Figure  1 :  Free  energy  of  formation  of  AUCs  and  TiC  at  a  function  of 
temperature. 
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Figure  2;  Schematic  Illustration  of  Coating  Process 
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Figure  4:  Thermal  Analysis  of  dried  Tj02  gel. 


Figura  5*.  Schematic  Diagram  of  Pressure  Infiltration  Apparatus 


Turbidity 


0  20  40  eo  so 

Tlfn«  (min) 

Figure  6;  influence  of  water  content  on  stability  of  TIP  solution. 
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8:  influence  of  temperature  on  sol  stability. 
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Figure  10;  Ir^fluence  of  TJP  molarity  or»  coating  thickness. 
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Figure  11:  Influence  of  the  number  of  dips  on  the  coating  thickness. 
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Figure  14:  EDAX  analysis  of  pitch  100S  dipped  twice  in  sol 
((TIP]-0.03mol/l.  V-24cm/min)  and  fired  at  700  C. 
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Figure  15  Optical  micrographs  of  pressure-infiltrated  (a)  uncoated 
and  (b)  coated  carbon  fibers. 
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INTRODUCTION 

Ordered  intermetallic  compounds,  for  example,  TiAl ,  Ti3&l,  NiAl ,  NI3AI, 
offer  great  potential  for  elevated  temperature  application  as  either 
jionolithic  alloys  or  as  matrix  materials  for  fiber  reinforced  metal  matrix 
composites.  To  date  their  application  has,  however,  been  limited  by  their 
rather  low  room  and  elevated  temperature  ductility  and  fracture  toughness. 
Blenkensop^  has  reported  that  it  may  be  possible  to  enhance  both  the  low  and 
high  temperature  ductility  of  intermetallic  compounds  through  the 
introduction  of  a  controlled  amount  of  a  dispersed  softer  phase,  0  phase  for 
the  specific  example  of  Ti3Al.  In  addition,  numerous  studies  of  ceramic 
materials  have  shown  that  it  is  possible  to  enhance  the  fracture  toughness  of 
brittle  materials  through  the  introduction  of  a  second  brittle  phase,  for 
example,  SiC  whiskers  in  AI2O3,  where,  in  this  instance,  the  brittle  second 
phase  serves  to  locally  deflect  propagating  cracks^*^-  In  both 
illustrations,  it  is  clear  that  the  effectiveness  of  these  toughening 
mechanicms  will  be  critically  dependent  on  achieving  a  uniform  dispersion  of 
the  second  phase.  Attainment  of  this  uniform  dispersion  la  candidate 
intermetallic  systems  will  require  that  we  develop  a  detailed  understanding 
of  the  elevated  temperature  high  strain  deformation  behavior  of  these 
multi-phase  materials.  This  Investigation  Is  aimed  at  achieving  this 
fundamental  understanding,  utilising  selected  titanium  alumlnldo  alloys  as 
experimental  model  materials. 
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EXPERIMENTAL  APPROACH  AND  RESULTS 

Table  1  lists  the  alloys  being  utilized  la  the  present  Investigation. 
The  alloys  may  be  broadly  divided  Into  two  typea.  Group  1  based  on  a 
S2'*Ti3Al,  D0}9  ordered  HCP,  matrix  and  Group  2  baaed  on  a  f-TlAl,  LIq 
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TABLE  1 


ALLOY  CHEMICAL  COMPOSITIONS 

Alloy  Designation  EleiuentCWt.  Pet) 


A1 

Nb 

V 

Mo 

Fe 

C 

0 

N 

11 

14.25 

21.3 

- 

- 

0.05 

0.18 

0.09 

0.012 

12 

14.6 

20.0 

3.3 

2.1 

0.08 

0.03 

0.08 

- 

13 

20 

- 

5 

- 

- 

- 

- 

- 

14 

20 

- 

12 

- 

- 

- 

- 

- 

15 

27.5 

- 

S 

- 

- 

- 

- 

aa 

21 

30 

- 

5 

- 

- 

- 

- 

- 

22 

30 

- 

9 

- 

- 

- 

- 

- 

23 

30 

eo 

20 

• 

m 

•» 

• 

orHarad  FCT,  Mtrix.  S«l*ctioa  of  Ti*2A  Al-11  Nb,  alloy  11 »  and  Tl'*25  Al-lO 
Nb-3  V-1  Mo,  alloy  12,  vaa  baaad  ob  tbair  ready  availability  in  ingot  fora 
and  ifflportanca  as  co—ircial  or  naar-co—ircial  Mtariala.  Figura  1  ahowa 
raprsaentatlva  optical  aicrographa  of  tbaaa  alloys  aa  produced  in  7500  lb. 
ingots.  The  aicroatructure  of  alloy  11  conaiata  of  blacky  eg  with  a 
background  of  extreaely  fine  vhile  alloy  12  contaiaa  a  traxiaforaed 

02  and  B  aicroatructure. 

The  ae lection  of  the  Ti*V>Al  ternary  alloys  was  baaed  eo  a  eonalderation 
of  the  Ti-Al-V  ternary  phai-e  diagraa  aa  recently  presented  by  Raahiaoto  et. 
al.^,  Figure  2.  Six  alloys  are  currently  being  prepared  aa  15  kgn  ingota  and 
were  chosen  to  contain  the  following  co^inatioos  of  phaaea:  02,  02  ^  S,  02 
e  I,  02  S  V,  V  >  02  and  I  ♦  f.  Following  receipt  of  these  alloys  saaples 


will  be  provided  to  J.  Hove  at  Carnegie-Mellon  for  Inclusion  in  his  studies 
of  interfacial  structures. 

Initially,  elevated  temperature  phase  equilibria  studies  are  being 
undertaken,  utilizing  differential  scanning  calorimetry  (DSC)  and  elevated 
temperature  x-ray  diffraction  (ETX),  the  latter  being  conducted  in 
cooperation  with  the  High  Temperature  Materials  Laboratory  at  the  Oak  Ridge 
National  Laboratory.  Preliminary  results  of  the  DSC  studies  for  alloys  11 

and  12  are  shown  in  Figure  3.  This  data  indicates  that  the  02  -t-  E - >  0 

transformation  temperature  for  these  alloys  is  1020*C  and  lOlO^C, 
respectively.  The  former  value  of  the  5  transus  is  in  excellent  agreement 
with  the  pseudo  Tl3Al-Nb  binary  diagram  shown  in  Figure  4,  while  the  decrease 
ia  6  transus  noted  for  alloy  12  is  in  keeping  with  the  known  effects  of  the 
additional  S  stabilizing  elements  present  in  this  alloy.  Detailed  analysis 
of  the  other  transformations  suggested  by  the  DSC  results  is  underway 
utilizing  high  temperature  X-ray  diffraction. 

Compression  samples,  having  a  height  to  diameter  ratio  of  2.5  to  1,  of 
alloy  11  and  12  are  currently  being  machined.  These  specimens  will  be 
utilized  to  establish  the  influence  of  strain  rate  and  temperature  on  the 
flow  properties,  employing  -.onstant  true  strain  rate  compression  procedures^. 
It  should  be  noted  that  the  diameter  of  the  test  specimen  has  been  selected 
to  ensure  polycrystalline  deformation,  that  is  the  specimen  diameter  will,  at 
a  minimum,  be  ten  times  the  grain  slse. 

Tests  will  be  run  on  the  closed-loop  microcomputer  controlled 
servo-hydraulic  IfTS  machine  described  in  the  First  Annual  Report,  with  the 
test  sample  being  rapidly  cooled  after  testing  using  an  integral  gas  quench 
attachment  to  preserve  the  deformed  structure. 
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INTRODUCTION 

Metal  matrix  composites  (MMC's)  are  being  developed  to  improve  specific 
stiffness,  specific  strength  and  high  temperature  performance.  Theoretically 
MMC's  are  Intended  to  combine  the  high  toughness  and  ductility  of  a  metal 
matrix  with  the  high  strength  and  stiffness  of  the  ceramic  reinforcing  phase. 
VThile  most  previous  efforts  have  focused  on  A1  and  Mg  matrix  composites, 
recent  advances  in  material  technology  have  resulted  in  the  development  of  an 
intermediate  temperature  MMC  based  on  a  matrix  of  Inconel  718. 

Inconel  718  is  a  popular  intermediate  temperature  (700*C)  Ni-base 
superalloy  for  aerospace  and  turbine  disc  applications.  The  alloy  is 
available  in  cast,  wrought  and  powder  metallurgy  (P/M)  forms,  with  the  cast 
product  having  slightly  higher  Mo  content.  Precipitation  reactions  in  this 
alloy,  as  depicted  by  the  TTT  diagram  shown  in  Figure  1,  have  been  studied 
extensively,  with  the  aging  sequence  being, 

SSS  •>  f'  »>  F"  ->5 

The  I*  phase  is  a  disc  shaped,  coherent  precipitate  with  an  ordered  FCC 
structure  (LI2)  having  a  stolchiommtry  based  on  the  Ni3Al  composition,  with 
titanium  freely  substituting  for  aluminum.  F”  is  a  metastable,  lens  shaped, 
coherent  precipitate  with  an  ordered  body  centered  tetragonal  crystal 
structure  (OO22)  having  a  stoichiometry  based  on  Ni3Nb.  Titanium  and 
possibly  aluminum  can  substitute  for  the  niobium.  6  is  a  stable,  incoherent 
precipitate  with  an  orthorhombic  structure  (DOn),  having  a  stoichiometry 
bated  on  Ni3Nb. 

It  is  generally  agreed  that  the  major  strengthening  phase  in  Inconel  718 
is  gamma  double  prime  This  is  anomalous  to  other  nickel  based 

superalloys  containing  aluminum  and  titanium  which  are  stzengvLensd  by  a 
gsoma  prime  (!')  precipitate  rsactioo^^^^.  While  7*  is  detected  in  Inconel 


718,  it  is  not  considered  to  be  the  strengthening  phase^~^.  Overaging  of 
Inconel  718  results  from  coarsening  of  the  ¥"  precipitates  and  precipitation 
of  the  delta  phase.  Studies  of  P/M  alloys  have  shown  that  the  precipitation 
reactions  are  similar  to  those  of  the  cast  and  wrought  products^^-lA 

Various  carbides  may  also  be  present  in  the  Inconel  718  system.  These 
include:  an  MC  type  (usually  titanium  or  niobium  carbide  or  carbo-nitride) 
which  has  a  random  cubic  morphology  (titanium  and  niobium  carbides  are 
mutually  soluble  in  one  another),  a  M,^C  type,  which  is  derived  from  the 
decomposition  of  MC  and  which  typically  has  a  blocky,  grain  boundary 
morphology,  a  M7C3  type  which  has  a  blocky  intergranular  morphology  and  a 
M23C5  type  which  forms  from  the  decomposition  of  either  MC  or  M7C3  and  has  a 
grain  boundary  platelet  morphology.  In  addition  to  T**  strengthening,  various 
investigators  have  suggested  that  niobium  carbide  (NbC)  precipitation  may 
also  enhance  the  properties  of  Inconel  718^»^»^*^»®»^»^^.  Carbide  type, 
distribution  and  morphology  have  been  shown  to  affect  properties, 
particularly  ductility  and  stress  rupture^^.  Finally,  the  stability  of 
carbides  and  the  solubility  of  carbon  in  Inconel  718  have  been  studied,  with 
the  solubility  of  carbon  Increasing  substantially  at  temperatures  greeter 
than  980*c15. 

Previous  experience  with  aluminum  and  magnesium  matrix  composites  has 
shown  chat  precipitation  reactions  may  be  altered  by  the  presence  of  a 
ceramic  reinforcement This  phenomenon  is  particularly  pronounced  in 
systems  where  the  precipitetion  reactions  exhibit  heterogeneous  nucleation. 
Enhanced  heterogeneous  nucleation  and  growth  of  precipitatea  in  this  instance 
is  associated  with  a  dislocation  network,  the  network  having  developed  in 
response  to  the  thermal  strain  associated  with  the  mismatch  la  coefficient  of 
thermal  expansion  between  the  matrix  and  reinforcement.  Indeed,  dislocation 
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densities  on  the  order  of  10^^/cd2  have  been  reported  at  the 
matrix-reinforceicent  interface^^. 

It  is  well  established  that  the  T*  phase  nucleates  heterogeneously  in 
Inccnel  718.  typically  at  extrinsic  stacking  faults  or  at  intrinsic  slip 
disIocation^^>^^ .  ¥"  nucleation  is  intioately  associated  with  existing  Y* 

precipitates^.  In  addition,  niobium  carbide  is  reported  to  nucleate 
heterogeneouslyl>^>~>^^.  Based  on  the  above  considerations,  it  would  be 
anticipated  tr.at  the  aging  kinetics  of  Inconel  718  should  bo  affected  by  the 
addition  of  a  ceramic  reinforcing  phase. 

The  primary  objective  of  this  study  is  to  determine  the  effect  the 
addition  of  a  reinforcing  phase  addition  has  on  the  precipitation  reactions 
and  aging  kinetics  of  an  Inconel  718  matrix  composite.  A  second  objective  is 
to  examine  the  stability  of  TiC  as  a  reinforcing  phase  in  this  Ni  base 
superalloy. 

EXPERIMENTAL  PROCEDURES 

The  macerials  used  in  this  study  were:  a  P/N  composite  of  Inconel  718 
nominally  reinforced  with  20  volume  percent  TiC,  P/H  718  end  cast  718. 
Compositions  of  the  ingot  and  powder  alloys  are  given  in  Table  I.  P/M  and 

Table  I.  Chemical  Composition  of  Ingot  and  Powder 


Element 

Ni 

Fe 

Cr 

Mo 

Ti 

A1 

Nb 

Ha 

Si 

Powder 

S2.8 

18.3 

18.4 

3.1 

1.0 

0.6 

S.3 

0.1 

0.2 

Ingot 

52. S 

18.7 

18.3 

3.1 

1.0 

0.6 

S.4 

0.1 

0.1 

composite  billet  fabrication  involved  vat  blending  of  *200  mesh,  gaa  atomised 
powder  with  TIC  particulate,  drying  and  canning/evacuated  in  a  mild  steel 
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can.  Scanning  electron  aicrographs  and  L&N  Microtrac  powder  size 
distributions  for  the  Inconel  718  and  TiC  materials  are  shown  in  Figures  2 
and  3,  respectively.  Coapactlon  of  the  P/M  and  coaposite  saterlals  was 
achieved  by  hot  isostatic  pressing  at  11S0‘C  for  three  hours  at  a  pressure  of 
103  liPa,  as  depicted  in  Figure  4.  Following  compaction  the  billets  were 
extruded  at  104C°C  with  an  extrusion  ratio  of  19:1.  Finally^  in  order  to 
mai?.tain  consistent  therconechanical  processing  history,  the  cast  material 
was  subjected  to  the  same  hipping  and  extrusion  treatment. 

The  microstructure  of  the  P/K  and  cast  materials  was  initially  examined 
utilizing  standard  netallcgraphic  procedures.  In  addition,  the  composite 
material's  microstructure  was  extensively  exarntned  using  a  JEOL  JSM  IC848 
scanning  electron  microscope  in  the  backscattar  mode.  Semi-quantitative 
analysis  of  the  various  phases  present  in  the  backscaCter  micrographs  was 
done  using  x-ray  energy  dispersive  spectroscopy  (EDS),  the  system  being 
calibrated  using  a  copper  standard.  A  spot  mode  was  utilized  to  analyze  the 
composition  of  the  various  phases  observed  in  the  TiC  reinforced  Inconel  718, 
with  a  beam  spot  diameter  of  0.02  um. 

Differential  scaxuiing  calorimetry  and  hardness  maasureaeots  were  used 
to  compare  the  precipitation  reactions  of  the  composite  and  the  unreiuforced 
materiels.  The  aging  kinetics  were  examined  by  monitoring  the  hardness  of 
0.5  in.  X  O.S  in.  x  O.S  in.  solution  treated  and  quanebad  aamplaa  aa  a 
function  of  isotharmal  aging  tiaa,  from  0.5  to  1000  hours  over  aging 
taaperaturea  varying  from  650*C  to  870*C.  The  reportad  1^  valuas  ara  the 
average  of  three  measurements  made  at  each  tima-tamparatura  combinatioa. 

lliin  foil  transmiasiom  alectron  microscopy  atudlaa  ara  eurrantly 
underway  to  dataroina  tha  location  and  natura  of  tha  praeipltata  reactions 
and  tha  typa  and  extent  of  the  natrix/relnfor'*ing  phase  interfacial  raaction. 
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Precipitates  and  reaction  products  are  being  analyzed  using  selected  area 
electron  diffraction  (SAED)  and  energy  dispersive  x-ray  spectroscopy  (EDS). 
Five  time  -  temperature  combinations  are  being  analyzed  for  the  composite 
material  as  follows:  1.  Super-saturated  solid  solution,  as-quenched,  2. 
Ur.deraged,  630^0  for  1  hour,  3.  Peak  aged,  760"C  for  3  hours,  4.  Age 
softened,  870°C  for  30  hours,  and  5.  Overaged,  870°C  for  300  hours. 

In  addition.,  elevated  temperature  tensile  and  stress  rupture  testing  is 
being  performed  in  cooperation  with  DWA  Composite  Specialties,  with  selected 
failed  specimens  being  examined  using  SEM  fractcgraphy  techniques. 

RESULTS 

Figure  S  shows  a  typical  SEN  backscatter  electron  micrograph  of  the 
IISO^C  solution  treated  composite.  Three  distinct  phases  are  obvious  in  this 
micrograph:  light,  grayish  and  black.  A  spectrum  for  the  black  phase, 
identified  as  TiC,  is  shown  in  Figure  6.  In  general,  TiC  was  randomly 
distributed  throughout  the  matrix  with  the  volume  fraction  and  the  size  being 
lower  than  anticipated.  Indeed,  the  average  volume  fraction  of  TiC,  as 
measured  in  the  composite,  was  apprcxisMtely  five  voliuee  percent,  with  the 
average  particulate  size  ranging  from  5  to  10  pm.  The  spectrum  for  the  gray 
phase,  a  mixed  carbide  of  Ti  and  Nh,  probably  a  mixed  MC  type  carbide,  is 
shown  in  Figure  7 .  This  result  is  reasonable  since  both  carbides  have  the 
same  structure  (simple  cubic)  and  are  completely  soluble  in  one  another 
occupying  various  sites  on  a  carbon  sublattice.  Finally,  the  spectrum  for 
the  light.  Inconel  718  matrix,  is  shown  in  Figure  8. 

Preliminary  differential  scanning  calorimetry  observations  are  shown  in 
Figure  9.  While  P/M  718  exhibits  a  single  relatively  sharp  peak  at  810*C, 
with  indication  of  other  peaks  at  375*,  600*  and  900*C,  the  DSC  trace  for  the 


TiC  reinforced  composite  surest  the  presence  of  peaks  at  375*,  550*,  and 
1C00*C.  Further  experiisents  aimed  at  more  precise  determination  of  the 
reaction  temperatures  and  the  enthalpies  of  reaction  are  currently  underway. 

The  results  of  the  aging  studies  are  shown  in  Figure  10.  It  is  apparent 
that  the  aging  kinetics  of  the  cast,  P/H  and  composite  materials  are  a 
distinct  function  of  aging  temperature.  Aging  at  650*C  results  in  a  gradual 
increase  in  hardness  in  both  the  cast  and  P/M  Inconel  718,  with  peak 
hardness  occurring  after  aging  for  256  hrs.  In  contrast,  aging  of  the  TiC 
reinforced  composite  is  accelerated,  with  almost  all  aging  response  occurring 
within  the  first  hour,  little  increase  in  hardness  being  observed  thereafter. 

a 

Further,  little  difference  in  aging  response  is  noted  after  aging  at  705*C, 
overaging  of  all  materials  being  observed  at  times  greater  than  4  hrs. 

Increasing  the  aging  temperature  to  7S0*C  once  again  allows  separation 
of  Che  unreinforced  and  reinforced  Inconel  718.  At  this  aging  temperature, 
overaging,  that  is  a  decrease  in  hardness,  is  delayed  by  the  introduction  of 
the  reinforcement,  overaging  being  observed  for  aging  time  in  excess  of  32 
h:s  for  the  unreinforced  materials,  while  overaging  is  only  observed  in  the 
reinforced  alloy  for  aging  times  greater  than  100  hrs. 

Aging  St  815*C  results  in  overaging  of  all  materials  at  tiows  greater 
than  0.5  hrs.,  with  some  evidence  for  a  second  aging  peak  being  observed  in 
the  composite  material.  Indeed,  this  secondary  aging  peak  ia  more  pronounced 
it  the  composite  material  aged  at  870*C,  while  only  a  slight  degree  of  age 
hardening  is  observed  in  the  unreinforced  alloys. 

A  comparison  of  the  elevated  te^erature  tensile  properties  of 
unreinforced  and  reinforced  Inconel  7lg  are  shown  ia  Figures  11  and  12.  The 
former  results  indicate  that  there  appears  to  be  little  Improvement  in  ths 
high  temperature  strength  of  Inconel  718  occasioned  by  the  introduction  of 


the  TIC  reinforcement.  However,  there  is,  independent  of  temperature,  a 
severe  reduction  of  the  tensile  ductility  associated  with  TiC  reinforcement. 
The  failure  mechanism  of  the  unreinforced  material  is  ductile  rupture  as  seen 
in  Figure  13.  Similarly  in  the  composite  material,  the  matrix  material 
exhibits  some  ductility  as  evidenced  by  localized  dimpling  while  the 
reinforcement  fails  by  brittle  cleavage  as  seen  in  Figure  14.  Fractographic 
evidence  suggests  that  at  least  part  of  this  reduction  in  tensile  ductility 
is  directly  related  to  TiC  clumping.  Figure  IS. 

Preliminary  stress  rupture  properties  of  unreinforced  and  reinforced 
Inconel  718  are  shown  in  Figure  16.  Once  again,  at  least  at  the  single 

s 

stress  level  and  temperature  examined  to  date,  there  appears  to  be  no  benefit 
associated  with  TiC  reinforcement  of  Inconel  718.  Further  creep  and  stress 
rupture  measurement  are  currently  underway  to  substantiate  these  results  over 
a  wider  range  of  temperature  and  stress  level. 

DISCUSSION 

It  is  hypothesized  that  the  differences  in  aging  response  noted  between 
unreinforced  and  TiC  reinforced  Inconel  718  can  be  explained  by  considering 
the  thermal  stability  and  redissolution  of  TiC  during  the  P/H  processing 
sequence  utilized  in  fabricating  the  composites  currently  under 
investigation. 

During  elevated  temperature  compaction,  extrusion  and  solution 
treatment,  TiC  will  therefore  partially  dissolve,  the  extent  of  dissolution 
depending  on  exposure  time  and  temperature.  It  is  further  hypothesized  that 
on  cooling  Nb  and  T1  will  combine  at  the  Inconel/TiC  interface  forming  nixed 
MC  carbides,  with  the  resulting  matrix  being  enriched  in  T1  and  depleted  of 
Nb.  Analytical  transmission  electron  microscopy  studies  have  have  confirmed 


this  hypothesis,  precipitates  of  (Ti,Nb)C  having  been  detected  in  the  peak 
aged  material.  Figure  17.  The  compositions  determined  by  analytical  TEM 
confirm  earlier  SEM-EOS  results  but  indicate  that  the  actual  Nb  concentration 
of  the  mixed  carbides  Piay  be  as  high  as  40  atomic  percent. 

Furthermore  increases  in  Ti  content  thru,  in  the  present  instance, 
dis.solution  of  the  TIC  reinforce:;:ent,  will  at.celeratc  the  formation  of  T* 
precipitates.  In  addition,  increased  matrix  Ti  content  could  promote  the 
formation  of  the  c  phase  (Ni3Ti)  which,  while  not  normally  observed  in 
Inconel  718,  has  been  reported  in  other  Si-base  superalloys  having  higher  Ti 
contents.  Detailed  TEM  studies  are  currently  underway  to  verify  these 
hypothesis . 

In  addition  to  a  difference  in  the  kinetics,  the  magnitude  of  the  aging 
response  appears  to  have  been  altered.  The  ratio  of  peak  hardness  to  super 
saturated  solid  solution  hardness  may  be  used  to  assess  the  magnitude  of  the 
aging  response.  For  the  imroinforeed  material,  this  ratio  is  an  order  of 
magnitude  higher  than  the  reinforced  sMterlal.  Further,  the  ratio  of  the 
overaged  hardness  to  the  supersaturated  solid  solution  hardness  is  an 
indication  of  the  stability  of  the  system,  i^aia,  an  order  of  magnitude 
difference  is  seen  between  the  unreinforced  and  the  reinforced  material.  It 
is  believed  that  this  affect  may  be  due,  in  part,  to  the  effectively  low 
concentration  of  Nb  in  the  matrix,  smaller  coherency  strains  associated  with 
I"  and  a  smaller  volume  fraction  of  the  8  phase. 

In  an  attempt  to  assess  the  stability  of  the  composite,  samples  %rere 
subjected  to  multiple  solution  treatment  and  aging  sequences.  The  results  of 
the  reversibility  experiments  are  shown  in  Figure  18.  These  results  show 
that  the  aging  behavior  of  the  TiC  reinforced  material  is  dependent  on  the 
prior  therao-mechanical  history  of  the  material,  one  possible  reason  for  this 
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Day  Involve  the  reaction  between  the  matrix  and  the  TiC.  A  aore 
cooprehenaive  analysis  of  this  phenooenon  is  planned  using  DSC. 


CONCLUSIONS 

To  data  the  following  conclusions  ouiy  be  drawn  fron  this  study  of  the 
aging  behavior  and  stability  of  TiC  reinforced  Inconel  718. 

1.  The  aging  response  (Dagnicuda)  and  the  aging  kinetics  (rate  of 
reaction)  of  the  composite  aaterial  are  substantially  different  than 
those  of  the  unreinforced  ouiterials. 

2.  The  aatrix  and  reinforceaent  react  to  fora  a  aixed  MC  carbide 
(Ti/Nb)C  which  altera  the  aatrix  cheaiatry. 

3.  The  elevated  teaperature  strengths  of  TiC  reinforced  Inconel  718  are 
at  best  equivalent  to  the  unreinforced  alloy,  while  the  tensile 
ductilities  exe  inferior. 
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Figure  2.  Scanning  Electron  Micrograph  and  L&N  Ricrotrac  Analysis  of 
Inconel  718  Powder. 
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Bjckscai (••r  Scanninx  Electron  Micrograph  of  Inconal  '18 
Riiinfor' •m1  with  20  V/0  TiC. 
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EOS  sp«ctnHi  of  TiC  PortlcuUt*. 
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PART  2 

CHARACTERIZATION 
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Interfacial  Structure  and  Stability  in  Metal  and 
Intermetallic  Matrix  Composites  (Year  2) 

James  M.  Howe,  Investigator 


Research  during  the  second  year  of  this  program  concentrated 
on  achieving  two  objectives:  i)  complete  the  research  on 
microstructural  evolution  and  measurement  of  residual  strains  in 
Al/SiCw  composites  that  was  begun  in  the  first  year,  and  ii)  begin 
research  on  the  structure  and  deformation  of  TiAl  and  TisAI  base 
matrices,  since  these  appear  to  be  the  most  promising  candidates 
for  future  high-temperature  composites.  Excellent  progress  was 
made  in  both  aieas,  as  summarized  below. 


A  detailed  microstructural  analysis  of  a  2124-AI/SiCvv 
composite  during  heat  treatment  and  deformation  was  performed  in 
order  to  understand  the  role  of  the  interface  on  the  mechanical 
properties.  Results  indicate  that  extensive  precipitation  of  the  S- 
phase  at  the  Al/SiCw  interface  during  aging  leads  to  cracking  of  SiC 
whiskers  during  deformation.  This,  coupled  with  void  formation  at 
SiC  clusters,  appears  to  be  the  major  cause  for  the  low  ductility  of 
the  composite.  This  research  was  presented  at  a  symposium  on 
Composite  Materials  at  the  44th  Annual  Meeting  of  the  Electron 
Microscopy  Society  of  America  in  August,  1988  (Attachment  I)  and  a 
manuscript  was  just  completed  for  submission  to  Acta  Metailurglca 
(Attachment  II). 


It  has  been  suggested  that  residual  stresses  near  the  interface 
in  Al/SiCw  composites  cause  accelerated  aging  and  significant 
strengthening,  although  these  stresses  have  not  been  measured 
directly.  In  this  study,  local  residual  strains  (stresses)  around  SiCw 
were  measured  using  convergent-beam  electron  diffraction  (CBEO). 
Results  indicate  that  strains  on  the  order  of  0.2%,  which  correspond 
to  the  macroscopic  yield  stress,  are  present  near  the  interface  and 


diminish  to  zero  about  1  pm  away.  Measurement  of  the  strains 
required  considerable  development  of  the  CBED  technique.  The 
results  are  summarized  in  Attachment  lit  and  a  manuscript  is  in 
preparation  for  submission  to  Acta  Metallurgica. 


Hi)  Structure  and  Deformation  of  ayPS  Interface  in  TiAl 

ALL^. 

As  an  initial  step  toward  understanding  the  role  of  interfacial 
structure  on  deformation  in  TiAl  alloys,  a  detailed  microstructural 
analysis  of  an  aq/V  alloy  was  performed.  Results  indicate  that  the 
a  2/-  interface  contains  a  dense  array  of  a/6<112.->  partial 
dislocations  whicn  accommodate  misfit  and  enable  growth  of  and 
the  az  and  ^  phases.  Deformation  at  high  temperatures  occurs  by  a 
twinning  mechanism,  and  twinning  dislocations  cut  through  both  the 
az  and  V  phases.  This  research  was  presented  at  a  symposium  on 
Titanium:  Surface  and  Interfaces  at  the  World  Materials  Congress  in 
September,  1988  and  a  manuscript  was  submitted  to  Metallurgical 
Transactions  A  (Attachment  IV). 


iv)  Structure  and  Deformation  of  tntertace  in  Tlg^AI 

Alloy  a 

The  a  2/^  interface  appears  to  play  a  critical  role  in  the 
deformation  of  TisA!  base  alloys  although  little  is  known  about  the 
structure  cf  the  interface.  In  order  to  understand  TiaAl  base 
composites,  a  detailed  microstructural  examination  of  the  a 2/^ 
interface  and  deformation  mechanisms  in  each  phase  has  been 
undertaken.  A  Ti-7Mo*16AI  (at.%)  alloy  is  being  studied  because  of 
the  variety  of  ordered  and  disordered  h.c.p./b.c.c.  interfaces  that  can 
be  obtained  in  this  system.  As  shown  in  Attachment  V,  rod-shaped 
a  2  precipitates  have  a  Burgers  orientation  relationship  with  the  ^ 
matrix  and  contain  <c-fa>  misfit  dislocations  spaced  about  10  nm 
apart.  Large-grain  tensile  specimens  are  being  deformed  to 
understand  the  role  of  this  interface  on  deformation. 


V)  Additional  Presentatiana  and  Pufalicatlona 


An  invited  paper  on  High-Resolution  TEM  of  Precipitate  Growth 
by  Diffusional  and  Oisplacive  Transformation  Mechanisms  was 
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presented  at  the  44th  Annual  Meeting  of  E.M.S.A  and  has  been 
accepted  for  publication  in  Ultramicroscopy  (Attachment  VI).  This 
work  was  partially  supported  under  the  present  grant. 


Plans  for  the  Third  Year 

Ou.'  experience  with  the  Al/SiC  composites  has  indicated  that 
it  is  difficult  to  understand  the  role  of  the  interface  on  composite 
properties  because  there  are  many  factors  involved  in  a  commercial 
material.  During  the  thif’d  year  we  plan  to  circumvent  this  problem 
by  fabricating  bi-layer  specimens  of  SiC  and  other  ceramics  with 
TiA!  and  Al-alloy  matrices,  and  examine  the  strength  of  these 
inteifaces  as  a  function  of  heat  treatment  and  interfacial  reaction. 
Detailed  microstructural  analyses  of  the  interfaces  will  be 
performed  in  order  to  understand  the  mechanisms  of  strength  and 
degradation.  When  high-quality  composites  based  on  TiAl  become 
available,  we  will  compare  the  interfaces  in  these  materials  with 
those  in  the  bi-!ayer  specimens.  We  will  also  continue  to  investigate 
the  role  of  the  02/6  interface  in  deformation  and  begin  to  look  at  bi- 
layar  specimens  of  these  alloys  as  well.  The  fiow-chart  below 
outlines  the  direction  of  this  program  to  date. 
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Attachments 

Attachment  I.  Reprint  from  Proc.  44th  EMSA  Meeting 
Attachment  II.  Manuscript  submitted  to  Acta  Metallurgica 
Attachment  ITT.  Residual  stresses  in  ICw  composites  -  summary 
Attachment  IV.  Manuscript  submitted  to  Me:.  Trans.  A 
Attachment  V.  Summary  of  hcp/bcc  interface  observations 
Attachment  VT.  In'nted  paper,  accepted  for  Ultrarr.icroscopy 
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MiCHOSTRUCTUfl.^L  OtVELOPMEN'’  DUH:'-G  HEaT  TREATMENT  AND  DEFORMATION 
OF  AN  ALUWiNUV-SILlCOf.  CAflElCE  COMPOSITE 

G.  J.  Mihon  «nd  J.  M.  How/* 

Dec4'imeni  of  Metallurgical  Engineering  and  Materials  Science,  Carnegie  Mellon 
Un'veiSity.  Pittsburgh,  P.A  tj2i3 


Alumipum-SiC  remtorced  composiin  a'to /s  are  currently  being  considered  for 
struci'jr.^l  aoplications  in  the  aerospace  industry  as  a  result  of  their  increased 
,;rcp^tn  ario  stiffness  and  redu.'EO  density  Mhen  compared  with  their  monolithic 
counterparts.’  However,  the  mam  drawba.n  cf  these  matanais  is  their  lack  of 
lensiie  ductility  and  a  decrease  m  fracture  toughness.^  By  deforming  AI-SiC 
compositfcs  ..ndei  hydrostatic  pressure  the  tensite  ductility  can  be  irtcreased.^  This 
enable;  changes  m  microstructure  to  be  investigated  after  a  few  percent  strain,  thus 
providing  information  about  deformation  .mechanisms  in  this  class  of  materials. 
Conveniionji  TEM  techniques  have  been  applied  to  study  microslfucturai 
development  dunng'both  heat  treatment  and  deformation. 


The  material  studied  was  AA2t24  with  l3vol.%SiC.  commercially  manulactieed  by 
ARCO  Chemicals  usmg  a  process  of  hoi  compactirtn  and  extrusion.  The  material 
was  solutioniicd  at  S04°C  for  4  h.  quenched  and  aged  at  I77*C  for  B  h.  Tensile 
ba'S  were  snamed  3%  parallel  to  the  extrusion  direction  under  100  ksi  hydrostatic 
pres.ure.  TEM  specimens  were  preoared  by  lon-millmg  m  a  liquid  nnrogan  cold* 
stage 

During  quenching  from  tha  solufiohizing  tamparalura,  dislocations  are  produced  m 
the  Ai  as  a  result  ot  the  difference  m  thermal  axptnsivtiy  betwean  tha  fibers  and 
mai.ix  iFig.  1).  Furtharmo'*,  tha  disloca-.ions  t'A)  wera  producad  from  tha  tortiar  of 
(he  SiC  whisker,  demons frating  that  sr  -h  asper>i:*s  act  as  a  strass  eonctntrator. 
Also  note  tha  helical  dislocations  (B)  which  wars  formed  by  eondensetion  of  excess 
vacancies  onto  screw  dislocations.*  These*  helices  ware  also  associated  with 
MhjCupAi^Q  ii'.termetailie  particles  which  are  distripuied  ihroughovt  the  mate'ial.  and 
often  teiminate  at  the  pa'tieie/matrix  interface. 


Upon  subsequent  aging.  S'  pracipitatas  form  hettroganaovsiy  on  tha  dislocations. 
Since  (his  phase  occurs  as  laths  which  grow  praftrantially  in  tha  <100>^  diitction.^ 
one*ihird  oi  the  precipiiaias  can  bt  seen  end*cn  by  imaging  along  <I00>^,.  Figure  2 
snows  helices  decorated  with  these  laths,  and  mdicaias  that  only  ona  of  tha 
precipiiaie  variants  lotms  on  d<slocations  of  sny  givtn  Burgars  vtcior.  In  the 
regions  c'osesi  to  the  whiskers  whvra  the  dislocation  density  is  highest,  individual 
prec'piraies  are  not  d'siuguisheble.  Thus,  the  si'engih  of  the  meirix  is  likely  to 
vary  co'isiderao'v  oependmg  on  proximity  to  fioers.  since  this  will  aflect  the 
dis'ocat.on  and  S'  precipitate  densities.  Coarse  precipitation  has  also  been 
observed  at  whiskeiimatnx  interfaces,  mtermetallic/matrix  interfaces.  *nd  grain 
boundaries. 


After  deformation,  several  new  features  appear  m  the  microstruciure.  The  most 
obv'ous  is  cracking  of  rhe  SiC  wniskurs  m  e  direction  perpendicular  to  iheir  long 
axis  iFig.  3).  Some  cracked  miermai allies  are  also  found,  ona  of  which  is  also 
shown  in  Fig.  3.  Thc'a  is  no  matrix  faiiurt  associated  wi'h  these  cracked  particles. 
Evidence  has  also  been  found  for  decohesion  of  mai.ix.  SiC  interfaces,  even  when 
tha  mie'facc  lies  almost  parallel  to  the  tensile  direction.  Fin*"y.  fcceied  voids  are 
formed  in  constrained  matrix  belwtan  two  or  more  whiskers  IFig.  4)  and  also  at  the 
ends  of  apoarently  isolated  fibers.^  Further  work  is  being  performed  to  establish 
which  of  mese  features  develop  first,  and  which  art  critical  m  datarmming  the 
fracture  characih.'isiics  of  these  mutariels.' 
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FiG.  i.*-W«M-bcari  micrograpb  of  oisiocaiion  generation  at  SiC  wtiieker  (W).  Note 
/ii«io'*iion«  prortiicprl  el  comer  lA'  to'i  neiicoi  i8).  g'lg  •  ('11].  Bar  •  0.2 
FiG.  2.--H«tefogeneous  precipitation  of  S'  on  ili»locationa.  Beam  diraction  near 
I  lOOJ^.  W  •  SiC  wfiieaer.  Bar  •  0.3 

FIG.  3.-- Cracked  SiC  vebiaker  !>M)  and  miermeiallic  particle  (l>.  Bar  •  0.3 

FiG.  4— Faceted  void  at  SiC  whiaker  iW)  ends.  P  >  coarse  sram  boundery 

precipiieies.  Bar  •  0.3 
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ABSTRACT 

A  2124  AJ^SiC  whisker  composite  was  heat-treated  to  the  same  matrix  hardness 
In  an  underaged  and  overaged  'tonditton,  and  tensile  tests  were  performed  at  room  pressure 
af>d  under  hydrostatic  pressure.  The  overeged  composlto  had  a  lower  uitimete  tensile  strength 
artd  ductilty,  which  .vas  attributed  to  S-phase  precipitation  at  the  A^C^  interface.  This 
intorfaciai  precipitation  leads  to  tocreased  load  transfer  to  the  whiskers,  resuMng  In  early  failure 
during  testirrg.  Hydrostatic  pressure  does  not  increase  the  tensile  ductilty,  Indicatirrg  that  failure 
occurs  by  strain  locaixatioa  Mtorostructural  examination  suggests  that  such  localzation  is 
probably  due  to  cracking  of  SIC  whiskers  and  void  nucieation  In  constrained  regfons  between 
adjacent  SiC  whiskers. 
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1.  INTRODUCTION 

AhiminunrVsiilcon-carbkle  composites  are  attracting  much  attention  for  potential 
aerospace  applications  as  a  resuit  of  Increased  strength  and  decreased  density  when  compared 
with  conventional  alloys  [1,2].  Howe -er,  the  use  of  these  materials  Is  limited  by  their  low 
fracture  toughness  and  ductility.  There  has  been  much  work  done  on  this  class  of  materials, 
including  examination  oh.  (i)  tiie  microstructura  of  the  alloys  and  the  effect  of  adding  SIC  on  the 
matrix  [3,4],  (ii)  dislocation  ge.neraticn  In  the  matrix  due  to  t.he  difference  in  coefficient  of  thermal 
expansivity  between  the  two  phases  [5-7],  (ill)  precipitation  in  the  matrix  [8-14]  and  at  interfaces 
[15-18],  (iv)  micromechanisms  of  falKire  [16-23],  and  (v)  strengthening  mechanisms  in  the 
composites  [24-30].  However,  few  if  any  of  these  studies  have  toriowed  microstnxtural 
evolution  throughout  the  processing  a.nd  deformation  stages  In  order  to  understand  the 
mechanical  properties.  As  such,  it  is  difficult  to  generalize  about  mechanisms  of  defomnatlon 
and  fracture  In  these  materials  and  to  determine  if  many  repotted  observations  are  system 
specific. 


While  it  Is  commonly  accepted  that  Interfaces  play  an  important  role  In  the 
mechanical  properties  of  composite  materials,  there  have  been  few  investigalions  which  have 
been  able  to  isolate  the  effects  of  interfadal  strength  on  the  resulting  properties.  This  Is 
primarily  due  to  the  complex  Interaction  between  the  SIC  reinforcement  and  the  age-hardening 
matrices,  since  the  aging  behavior  can  change  the  matrix  strength,  ductilty,  and  deformation 
mechanism,  as  wel  as  the  tntsrfadal  borklng,  which  in  turn  affect  the  overal  composite 
properties.  In  order  to  try  and  isolate  the  effect  of  Interfadal  bondng  on  the  propertlas  of  an 
AVSIC^  composite,  the  foHowIrig  study  was  undertaKan.  The  matrix  of  a  2124/SlC,  composile 
[31,32]  was  heal-treatad  to  nominaly  the  same  hardness  In  an  undaraged  and  overaged 
condHion  based  on  pubished  microhardness  curves  (10].  Unreinforced  material  was  also  haat- 
tieatad  to  the  same  nominal  matrix  hanhiess,  again  in  an  underagad  and  overaged  corNMon,  In 
order  to  verify  that  there  waa  no  change  In  ttta  tanaila  bahavtor  of  tha  matrix  In  tfiesa  two 
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conditions.  TEM  was  also  used  to  verity  tnat  the  reinforcement  oniy  acts  to  accelerate  aging 
and  does  not  affect  the  resultant  phiises  or  deformation  mechanism.  By  having  the  same  matrix 
properties,  any  differences  in  deformation  behavto*  of  the  reinforced  materials  in  the  underaged 
and  ovoraged  conditions  should  be  a  result  of  the  change  In  intertaclal  strength. 

In  adcStion,  defomction  studies  at  room  pressure  and  under  hydrostatic  pressure 
wi're  performed  on  this  material  irt  order  to  understand  the  lack  of  ductillh/.  Deformation  under 
hydrostatic  pressure  has  been  shov/n  to  Increase  tensile  ductility  in  many  alloy  systems  by 
supressing  void  growth  and  coalescenca,  but  without  affecting  the  void  nucleation  stage  [33,34]. 
Thus,  by  applying  a  hydrostatic  pressure  during  deformation,  there  exists  the  potential  for 
extending  ductitity  In  these  materials  In  order  to  examine  defoneation  at  larger  strains  than  could 
normally  be  achieved.  This  would  lead  to  a  detailed  Imowiedge  of  void  nucleation  in  these 
dscontinuosiy  reinforced  composites. 

The  results  presented  here  wiU  Include  a  detailed  study  of  microstructural 
development  in  this  alloy  In  order  to  Isolate  the  effects  caused  solely  by  the  deformation,  and 
hence  give  a  complete  picture  of  microstructurai  evolution  during  heat  treatment  and 
deformation.  Suggestions  are  iTiade  tor  improvements  of  the  mechanical  properties  of  this  class 
of  materials. 


Z  EXPERIMENTAL 


^1.  Material 


The  material  tor  tNs  Investigation  was  manufactured  by  ARGO  Chemical 
Compony  using  a  method  of  hot  compaction  and  extrusloa  Unreinforoed  and  reinforced 
materials  were  produced  using  fdenflcai  methods,  as  desertred  elsewhere  [10].  The  matrix 
alloy  was  AA2124  (nomfoaHy  4  oL%  Cu,  2  aL%  Mg.  0.5  at%  Mn)  teinforeed  with  13.5  voi.%  S!C 
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2.2.  Heat  Treatment 

The  as-received  materials  were  sokitlonized  at  504°C  for  4  hcurs  and  quenched 
into  Ice  water.  Subsequent  aging  was  carried  out  3&  1 77^.  Tbe  reinforced  material  was  aged 
for  2  hours  (underagecJ)  and  8  hours  (ovaraged);  tte  unreinforced  matenal  for  4  hours 
(underaged)  and  14  nours  (overaged).  ail  af  which  produced  a  matrix  hardness  of  about  94 
Vickers  DPH. 

2.3.  Deformation 

Tensile  specimens  were  produced  with  the  tensile  axis  parallel  to  the  extnjslon 
(firection.  Specimens  were  tested  to  failure,  and  a  set  from  the  reinforced  materials  were 
stopped  at  3%  true  strain.  The  unreinforced  alloy  was  also  sectioned  at  3%  true  strrJn  by 
preparing  a  specimen  from  the  necked  region  of  the  fractured  material  with  the  corresponding 
reduced  area.  Hydrosti.tic  pressures  of  0.1  MPa  (itwm  pressure)  and  689  MPa  (100  ksi)  were 
applied  during  the  tests. 

2.4.  Specimen  Preparation 

Specimen  preparation  was  drsigned  to  ensure  that  dislocetiorts  were  not 
produced  by  deformation  arKt  that  there  was  no  excessive  specimen  heating.  This  was 
achieved  by  cutting  2S0|tm  sBoes  using  a  (famond  blade  and  thirming  to  125pm  on  600  grit  SIC 
paper.  The  reinforceu  materlai  was  then  forther  tNnned  on  a  Qatan  dimpler  to  30pm  foitowed 
by  ion-miilng  at  5keV,  0.2mA  per  gun  and  12^  incident  angle  on  a  Qetan  duaHream  lon-mll 
with  a  Iquid-nitrogen  cold  stage.  The  urrdeformed  matartai  waa  taken  from  the  ends  of  the 
teraiie  specimens  to  ensure  the  same  heal  treatments  had  bean  appNd  in  both  casas.  Tha 
llnai  stage  of  preparadon  for  the  unreinforced  materlai  was  eiecbopolshlng  In  a  Flachiona  twin- 
jet  pdsher  using  a  1/3  nltr1c-2/3  methanol  sciutfon  at  15  V  and  -30^. 
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2.5.  Microstructural  ExaminaUon 

Spedindns  were  examined  in  a  Philips  EM420  equipped  with  a  STEM  unit  and  a 
PQT  Energy  Dispersive  X-ray  (EDX)  analysis  system.  The  microanalysis  system  was  used  to 
provide  qualitative  cliemicai  information  from  the  Ai/SiC^  intetfaco  and  for  precipitate  analysis. 
Bright-fleld  and  weak-beam  dark-field  TEM  Images  were  obtained  at  120  keV  using 
conventional  proceedures  [35]. 


3.  RESULTS 

3.1 .  Mterostructural  Devefopment  During  Heat  Trsatment 

3.1.1.  AluminurtVSIilcon-Carbide  Composite 
(1)  As  Quenched 

QuencNng  of  the  coirpostte  from  the  soluifonizing  temperature  produced  the 
type  of  disiocaflon  distribution  shown  in  Rg.  1.  This  weak-ueem  daik-fleU  TEM  Image  shows 
two  types  of  dislocations.  One  is  helces  formed  in  the  matrix  sAghtly  away  from  and 
occasionally  in  contact  with  the  SIC  whiskers.  These  are  tornied  as  a 'wsult  uf  condensation  of 
excess  vacancies  onto  pre-existing  screw  dislocations  [36.37]  and  thus,  must  be  formed  duitng 
the  earty  stages  of  the  quench,  when  the  vacandee  are  atfll  mobile.  The  secorxi  type  of 
dislocations  are  those  seen  at  the  ends  of  SIC  whiskers  and  which  often  appear  to  tennir>ate  in 
the  AVSiC^  interlace  at  a  comer  (anows  in  Fig.  1).  These  dtolocations  are  proouoed  as  a  resut 
of  tho  dWterence  in  coeflldenl  of  thermal  expansivity  between  the  Al  matrix  and  SIC  whiskers 
[5.6]  and  are  presumably  formed  at  a  temperature  where  the  vacancies  are  esaentlaly 
immoblie.  The  micrograph  in  Fig.  1  shows  that  the  comers  of  the  SIC  whiskers  ad  as  stress 
concentrators  arxl  assist  In  dislocalion  generation.  There  is  no  evidence  of  dtocrete  dslocatlon 
loops  in  the  microsinjcture. 
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(li)  Underagod 


After  aging  for  2  hours  at  177^0  there  Is  evidence  of  small  precipitates  on  the 
pre-existing  dislocations,  as  shown  in  Rg.  2.  Hov/ever.  It  Is  very  difflcuit  to  detect  extra 
ciffrncticn  spots  in  the  electron  diffraction  pattern,  preventing  complete  Identification  of  the 
phase  at  tfiis  stage.  When  compared  *vith  the  overaged  microstiucture,  it  Is  most  probably  the 
S’  phase  (AlgCuMg). 

(ii!)  Ov-eragsd 


Alter  8  hours  at  177^0.  precipitation  at  dislocations  Is  wett  advanced.  TNs  is 
shewn  in  Rg.  3.  where  bright-field  and  centered  dark-lleld  TEM  images  demonstrate  that 
precipitates  completely  decorate  the  prior  dislocations.  The  dtfractlon  pattern  is  consistent  with 
the  S'  phase  [38]  and  this  is  presumably  the  same  phase  which  was  present  in  the  urvderaged 
condition.  Since  the  S'  phase  occurs  as  laths  whidt  grow  preferenlialty  In  the  <100>^  direction 
[39,40],  one-thiid  of  the  precipitates  can  be  seen  end-on  by  imaging  along  <100>ai.  From  Rg.  3 
it  Is  apparent  that  only  one  set  of  variants  of  S'  Is  nucieated  on  any  particular  disJocation, 
irKicating  that  the  heterogeneous  nudeetion  of  this  phase  occurs  as  a  result  of  misit 
accomrrxxlatlon  by  the  Burgers  vector  of  the  dislocation  [4C^  Since  the  dislocations  are 
heterogeneously  distributed  in  the  matrix  as  dwwn  in  Rg.  1,  so  era  the  age-hardening 
precipitates. 

The  gerterai  mierostructure  produced  after  aging  lor  8  hours  Is  INustralsd  in  Rg. 
4.  TNs  merry-beam  bright-lletd  TEM  Image  shows  ths  extsnl  of  predpitstlon  In  the  matrix  and, 
more  sigNfIcantly,  the  extensive  precipitation  decorating  almost  the  entire  AifStC^  Interface. 

(Iv)  Microenelysis  of  Interfaces 

Ths  intsrfacs  chsmistiy  in  ttis  as-qusnehed  malsriel  has  been  compersd  with 
that  In  the  overaged  condWon  using  STEM  and  EDX  mieroanalysis.  A  lypioel  spectra  bom  tha 
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as-quoPchad  conditini  Is  shown  In  Rg.  5(a}.  The  major  peaks  present  are  Si  ar)d  Al  associated 
with  the  S!C^  and  matiix,  respectively.  The  smaller  peaks  are  from  Cu  and  Mg  in  solution. 
There  are  no  otivjr  large  peaks,  indicating  the  absence  of  any  gross  precipitation  at  the 
Interface.  This  Is  supported  by  the  micrograph  In  Rg.  1,  where  there  is  some  evidence  of  small 
Cl-  and  Mg-rich  precipitatos,  but  these  are  faJrty  scarse.  This  may  be  compared  with  the 
micrcstructure  in  Rg.  4,  where  considerable  Ir.iertace  precipitaSon  has  occurred  durtr>g  aging, 
leading  to  the  typical  EDX  spectra  shown  In  Rg.  5(b).  The  extra  peaks  are  Cu  and  Mg,  which 
from  tireir  concentration  ratio  are  consistent  with  the  S-phase,  I.e..  the  Cu:Mg  ratio  Is  close  to 
1:1.  These  observations  are  sinftilar  to  previous  results  in  the  literature  (1 7,1 8].  As  will  be  seen 
later,  tNs  Interface  precipitation  appears  to  be  responsible  for  a  change  In  the  tensile  properties 
between  the  underaged  and  averaged  materials. 


3.1.2.  Aging  Behavior  of  Unreinforced  Alloy 


Many  of  the  features  rflscussed  above  for  the  AVSiC^  composite  appear  to  occur 
in  the  unreinforced  alloy.  Rgure  6  Is  a  brlght-fleU  TEM  knege  taken  after  quencNng  and  aging 
for  14  hours  ttiat  shows  a  large  Ai2oCu2Mn3  intermetaMc  particle  (seen  frequently  in  both 
matsrlais)  from  which  helcai  dislocations  have  formed.  In  addilion,  there  are  cDscrete 
disiocalion  loops  in  the  matrix,  some  of  which  may  have  formed  by  the  continued  condensation 
of  vacancies  onto  screw  dslocallons.  However,  other  loops  are  much  larger  than  would  be 
expected  from  this  mechanism,  and  were  probably  formed  by  oondensaticn  of  vacancies 
dhectly  Into  loops  In  the  matrix  [37).  The  dWocation  deiMitiy  of  the  unreinforced  material  was 
much  lower  then  that  of  the  oompoeile  metartai,  although  no  quantMcafron  has  bean  attempted 
due  to  the  heterogeneous  dislocation  dMrtwtlons  In  both  cases.  During  subsequent  aging 
there  was  once  again  hatarogenaous  precipitation  of  S'-phasa  at  the  rflalocatlons,  as  was  seen 
for  the  composite.  There  was  also  pradpitalion  of  presumably  S  phase  at  the 
’.rtarmataOk/matilx  intarfaoas. 
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3.2  TsnsJle  Tests 

The  tensile  results  for  all  the  materials  are  plaited  In  Fig.  7,  which  shews  true 
stress  versus  true  plastic  strain.  The  plastic  portion  of  the  strain  was  determined  by  subtracting 
the  elastic  component,  which  \,vas  obtained  by  Htting  a  straight  Une  to  the  linear  portion  of  tho 
original  strss&'strain  curves.  The  plastic  ductility  was  obtained  by  measuring  the  plastic 
extension  at  maximum  load  (plastic  Instability).  Analysis  of  the  tensile  data  are  not  complete, 
but  the  folk/’Aing  prellmilnary  conclusions  can  be  drawa 

For  the  unreinforced  2124  tested  at  0.1  MPa,  the  U.T.S.  and  plastic  ductiSty  of  the 
underageo  and  overaged  material  appear  to  be  nearly  Identical;  the  overaged  material  wurK 
hardens  a  little  more,  and  has  about  2%  less  plastic  strain  at  Instability.  This  Is  consistent  with 
previous  results  (10]  and  supports  the  rational  used  in  designing  the  experiments  poeformed  In 
tnis  study,  where  4  and  U  hour  heat  trsetments  (or  2  and  8  hour  in  the  reinforced  maforlaQ 
were  used  to  give  fdenticai  matrix  properties. 

The  addition  of  SIC  whiskers  to  the  material  produced  a  dramatic  increase  In 
U.T.S.  and  work  hardening  rate,  but,  as  expected  a  sfgniltoant  decrease  In  the  ductllty.  For  the 
composite  materials,  the  most  Important  feature  to  note  Is  that  the  undetaged  material  exhibits 
both  a  greater  U.T.S.  and  dudlBty  than  the  overaged  oomposita  when  tested  at  0.1  MPa 
(approximately  680  MPa  arto  5%  plasilc  strain  vs.  640MPa  and  3%  plasllc  strain).  Furthermore, 
testing  under  689MPa  hydrostatic  pressure  dkl  not  signilicently  affect  toe  tensile  behavior  of 
either  the  underaged  or  oversged  oomposita  metoflais,  with  only  about  an  Increaaa  of  1%  In  toe 
plastie  strain.  In  the  dscusslcn  which  foflows,  these  resuls  wM  be  compered  with  toe 
mforostrudursl  information  to  ptovkJa  an  overal  piclure  of  deformation  In  toe  Ab'SIC^  composite. 
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3.3.  Deformaticn-lnduc^d  Microstructures 

After  3%  defcrmation  both  the  underaged  aiKi  overaged  reinforced  and 
unreiniorced  materiais  have  considerable  dislocation  tangles  in  the  matrix.  These  can  be 
distinguished  from  the  dislocations  present  prior  to  deformation  since  ail  the  d'slocatioris  present 
prior  to  agirig  are  decorated  with  precipitates.  A  detailed  analysis  of  these  dislocations  has  not 
been  attempted  due  to  the  excessive  strain  contrast  as-iOGiated  with  the  dense  S'  precipitates, 
however,  there  was  no  evidence  of  planar  sRp  in  any  of  the  microstrjctures. 

Several  other  features  were  Introduced  into  the  over,  ged  composite  during 
deformabor).  None  of  these  were  present  in  the  ur>defoimed  materlaL  The  most  common  form 
of  damage  was  cracking  of  SIC  whiskers  in  a  direction  perpendicular  to  their  long  axis,  l.e.. 
along  a  plane.  Rgura  8  shows  one  of  these  cracked  whiskers  together  with  an 

adjacent  intermetailic  Al2oCu2Mg3  particie  which  has  also  cracked.  Note  that  there  is  no  matilx 
failure  associated  with  the  cracked  parbcles.  Furthermore,  the  separation  at  the  SIC  whisker  Is 
greater  than  that  at  the  intermetailc,  indfcatirtg  that  It  fractured  first 

Other  fseturss  are  also  introduced  during  deformation,  but  they  are  much  less 
common.  Figure  9  shows  decohesion  at  the  AVSIC^  interface.  TNs  may  have  oocured  at  a 
result  of  the  sight  mtsaignment  of  the  whisker  with  respect  to  the  tensile  axia  The  SIC  side  of 
the  operbng  appears  retallvely  dean;  what  svkjerwe  there  Is  of  predpitallon  (arrows)  occurs  on 
the  aluminum  side,  Indteating  that  deoohesion  has  oocured  between  the  SIC  and  S  phase  rather 
than  between  the  Al  and  the  S  predpKates. 

Other  features  that  were  apparent  after  deformation  were  voids  essodated  sMr 
the  ends  of  SIC  wNskers,  as  reportao  previously  [17,18,22,23].  An  Important  fsature  was  that 
many  of  these  voids  were  formed  In  the  constrairred  regions  between  adjacent  whiskers,  as 
shown  In  Fig.  10.  Other  voide  were  aseodated  ertth  apparently  IsoMed  whiskers,  as  seen  in 
Fig.  11,  but  tNe  migM  be  e  reeutt  of  sectioning  durbig  thin-fcii  preperalion  where  an  adlacenl 


whiskor  either  above  or  below  lias  been  removed.  Note  the  highly  faceted  nature  of  the  voids  in 
both  Rgs.  10  and  1 1 ;  the  reason  for  this  is  not  known. 

MIcrostnxrtural  analysis  of  the  underaged  composite  revealed  much  less  damage 
when  compared  v^th  the  overaged  composite.  There  were  far  fewer  cracked  SIC  panicles,  ano 
no  evidence  was  found  for  the  formation  of  voids  or  of  Interface  decohesion  after  3%  strain.  As 
will  be  cflscussed  below,  this  appears  to  be  due  to  a  change  In  the  interfacial  characteristics 
between  the  underaged  and  overaged  composite. 

4.  DISCUSSION 


4.1.  Tensile  Data 

As  pointed  out  in  the  results  section,  analysis  of  the  tensile  data  is  not  yet 
complete.  However,  by  comparing  these  results  with  the  mlcrostmctural  observations  made 
using  TEM.  some  interesting  conclusions  can  be  reached  regarding  the  role  of  the  Interface  on 
the  composite  properties. 

The  reason  for  the  various  heat  treatments  used  In  this  study  was  to  produce 
matrices  with  the  same  hardness  despite  having  different  mfcrostmctures.  As  seen  from  the 
ter^le  data  for  the  unreinfbroed  2124  aloy,  very  similar  yield  strengths  and  ductlMies  occur  for 
the  two  aging  times  used.  Based  on  the  availabie  stucfles  In  the  Iterature  [8-14],  R  seems 
resortabie  to  conclude  that  the  melor  efiect  of  the  reinforcement  on  the  age-hardening  response 
of  the  matrix  is  to  aRsr  the  predpttation  Mnetics  of  the  age-harder4r)g  phase. 

Ae  shown  eerier  in  Fig.  7,  the  tensile  curvee  tor  the  reinforced  matorlal  after 
aging  tor  2  and  8  hours  exhibit  different  charactertstics;  the  overaged  composite  hevtog  e  lower 
U.T.S.  and  dudlty  than  the  underaged  composile.  This  behavior  can  be  «g>iained  by  reiaIngR 
to  the  micioetAJClural  observaiiana.  Rrsdy,  during  aging  of  the  composite  theta  la  copious  S- 
phaae  ptac^pIlBlton  at  tha  AVSIC  tntortaoe.  Secondly,  the  mieroeliucluia  of  fie  overaged 


coniposita  after  3%  stra’n  shows  sigr.if!cant!y  more  cracking  of  the  SIC  whiskers  cc  .rpared  with 
the  underaged  composite.  Assuming  that  the  matrices  do  indeed  have  the  same  tensile 
characleiistics,  the  dlharerK^s  In  tensile  jehavior  can  therefore  be  attributed  to  the  S-phase 
precipitation. 

There  are  hvo  possible  explanations  for  how  the  S  phase  caused  earlier  fracture 
of  SiCy^  in  t.he  overaged  composite.  The  most  likely  is  that  S-phaso  precipitation  at  the  Interface 
causes  increased  load  transfer  to  the  SiC  wNsKers,  causing  them  to  fracture  at  lower  strains. 
This  idea  that  predpttation  can  alter  load  transfer  to  the  reinforcement  particles  has  been 
previously  suggested  in  composites  reinforced  with  different  particles  [41].  If  this  is  the  case, 
the  eiastic  rrxxJulus  of  the  overaged  composite  should  be  greater  than  that  tor  the  underaged 
material  The  magnitude  of  ttiis  elastic  modulus  has  been  estimated  from  the  ti\je-stress/liue- 
strain  data.  Although  fitting  a  straight  line  to  the  elastic  pari  of  the  stress/strain  cun/e  Is  not  an 
accurate  way  of  determining  the  elasttc  modulus,  there  does  appear  to  be  about  a  5%  Inciease 
in  modulus  of  the  overaged  composite  compared  witit  the  underaged  material.  This  would  seem 
to  support  the  idea  of  Increased  load  transfer  due  to  S-phase  predpitatton,  although  an  accurate 
measurement  of  eiastic  modulus  in  the  two  materials  Is  necessary  to  confirm  tills. 

The  aRematlve  explanation  tor  eerfer  cracWng  of  SICy,  In  the  overaged 
composite  Is  that  precipitation  at  the  interlace  causes  an  extra  tensHe  strain  to  be  introduced 
into  the  SiC^y  and  that  this  "residuar  strain  causes  the  SiC  to  crack  at  a  lower  appled  tensile 
stress.  The  exact  nature  of  the  stress  which  migN  be  introduced  by  this  precipitation  has  not 
been  determined,  being  dependent  on  the  orientation  relationsNp  between  the  SIC  and  the 
orthorhombic  S  phase  and  the  vokime  expansion  essodeted  with  the  precipitates.  No 
expedmental  evidence  has  yet  bean  tourKi  to  support  this  arguement  In  sHher  case,  the 
precipitation  produces  a  lower  ductiHy  and  uMmete  tensNe  sb^es  since  the  composite  «dth  the 
cracked  fibers  Is  unable  to  succeestolly  carry  the  appled  bode,  toedtog  to  premature  failure  of 
ttie  tensile  spedmene. 
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4.2.  Hydrostatic  Pressure 

Arx:ther  aspect  of  tNs  investigation  was  the  ippilcation  of  hydrostatic  pressure 
during  tensiie  testing  in  an  atten^pt  to  increase  the  plastic  ductility  in  the  composites  by 
suppressing  void  growth  and  coalescence.  The  tensile  results  clearly  show  that  In  this  paiticular 
composite  it  Is  not  possible  to  suppress  void  nucleatlon  and  growth,  and  that  fsliure  occurs  at 
almost  the  same  strain  at  68SMPa  as  at  room  pressure.  This  Indicates  that  fa  lure  occurs  in  a 
highly  localized  manner  such  that  very  little  void  growth  and  coaiecenca  e.e  requited  and  that 
the  governing  factor  in  failure  is  the  void  nucleation  stage.  As  mentioned  above,  w-hisker 
cracking  is  the  rrwst  common  feature  Introduced  at  3%  strain,  and  it  Is  Ikely  that  this  leads  to 
early  failure  In  the  overaged  composite.  Such  cracking  could  be  avoided  by  using  a  fiber  wh’ch 
can  accomnxxlate  some  deformation  along  its  axis  and/or  by  weakening  the  interfacial  bond.  In 
addition,  voids  are  also  generated  In  the  constrained  regions  between  adjacent  whiske re  at 
whisker  ends,  producing  essentially  the  same  type  of  defect  In  the  matrix  as  that  produced  by 
cracking  of  the  whiskers.  This  could  also  be  rosportsibie  for  the  lack  of  an  increase  In  ductility 
as  a  result  of  testing  urxier  hydrostatic  pressure. 

Thersfore,  the  results  from  this  investigation  point  to  whisker  cracking  and  void 
nucleation  in  the  constrained  regions  between  adjacent  whiskers  as  major  factors  Influencing 
the  lack  of  tensile  ductifity  In  tNs  particular  composite.  Reduced  prsc^}itatton  at  the  Al/SiC^ 
interlace  (i  e.,  a  weaker  Interface)  Increases  both  the  U.T.S.  and  ductilty,  and  elmination  of 
duslering  of  the  reinforcement  would  help  to  prevent  void  formation,  and  may  also  Improve  the 
terrsile  properties. 


5.  CONCLUSIONS 

Oucirtg  agirrg  of  a  2124/SiC,  composita  extensive  S-phase  precipitation  occurs  at  • 

the  matrtx/relntorcemenl  Interface.  This  precipitation  Is  responsible  tor  producing  slgnMcantiy 
dlfhranl  mechanical  prepertiet  during  tensile  testing  of  underagad  and  overagad  composites 
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with  the  same  matrix  properties  by  Increasirrg  load  transfer  to  the  SiC^. 

Tensile  testing  under  hydrostatic  pressure  does  not  dramaticalty  alter  the  plastic 
ductIHty  of  ttv«  composite.  Indicating  that  failure  Is  very  localzed. 

Suppression  of  voids  in  the  microstnictufe,  and  hence  Increased  plastic  ductility 
of  the  composite  couid  be  produced  by  the  following  methods;  (I)  altering  the  processing 
conditions  to  reduce  whisker  clustering  and  hence  eliminate  void  fomnatlon  in  the  constrained 
regions  between  adjacent  SIC  whiskers,  (II)  adjusting  the  heat  treatment  to  give  less  S-phase 
precipitation  and  thus  a  weaker  Interfadal  bond  and  less  SIC  whisker  cracking,  and  (IH)  using  a 
reinforcement  capable  of  vdIhstarxRng  greater  loads  alortg  Rs  tensile  axis. 
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FIGURE  CAPTIONS 

Rgure  1.  Weak-beam  darK-fleld  TEM  imago  of  2124/SiC^  after  (flenching  from  tba  eoiutionizing 
temporaturo.  The  helcal  dstocailons  (H)  and  dislocations  generated  from  the  whisker  ends  are 
arrowed:  g/3g«[11l]. 

Figure  2.  Biight-Keld  TEM  image  of  2124;SiC,  quenched  and  aged  for  2  hours  showing 
cBslocations  decorated  with  smaH  precipitates  (arrowed). 

Figure  3.  (a)  Bright-fleld  TEM  image  of  2124/SiC^  alter  aging  tor  8  hours,  and  (b)  centered 
dafk-lleld  TEM  image  taken  using  a  precipitale  refiection  (anow)  showing  S*  precipitation 
completsly  decorating  the  prtor  dalocations.  The  difiraelton  pattern  ooneapcnds  to  f1  00]a|. 

Figiae  4.  Brtght-Aeld  TEM  Image  of  2124/SiC«  aged  tor  8  hours  showing  extensive,  coarse 
precipitation  (arrowed)  at  the  AVSiC  interface. 

Figure  5.  Typical  EOX  spectra  collected  from  the  AVSiC^  toterface.  (a)  As  quenched  (b)  Aged 
tor8houre. 

Figure  8.  Bright-fieid  TEM  Image  of  2124  quenched  and  aged  tor  8  hours  at  177X  showing 
dtotocaHon  loop  (L)  tonnaiton  In  the  matrix  and  hefer  tomedlon  (H)  at  a  ooaiee  Intennatalc 
paf8cle(0. 

Figure  7.  TenaBe  data  tor  ttte  (a)  undereged  and  9>)  overeged  relntorced  and  unrebitorced 
materials  teslad  at  room  pteaaute  and  at  680MPa  hydrostalc  pressure. 

Figure  8.  Brtght-leld  TEM  Image  of  2124/SIC^  aged  tor  8  hours  and  datormsd  3%  under 
6898/^  hydroetaBc  pressure  showing  cracked  SIC  whisker  and  crocked  totermetalc.  The 
tensBs  axle  Is  Indteated  (T). 


Rgure  9.  B(lght-ti«id  TEM  Image  of  2124/SiC^  aged  for  8  hours  and  deformed  3%  under 
689MPa  hydrcsta^c  pressure  showing  decohesion  at  the  interface.  The  tensile  axis  is 

indcated  (T)  and  S  precipitates  at  the  Interface  are  dslinguished  by  arrows. 

Rgure  10.  Brlght-field  TEM  image  of  2124/SIC^  aged  tor  8  hours  and  deformed  3%  under 
689MPa  hydrostatic  pressure  showing  void  fcrmafion  In  the  constrained  region  betwton 
adjacent  SiC  whiskers.  The  tensile  axis  Is  IncHcatad  (T). 

Rgure  11.  Bright-flald  TEM  image  of  2124/810,^  aged  tor  8  hours  arxl  deformed  3%  urrder 
689MPa  hydrostatic  pressure  showing  void  formation  at  apparently  isolated  SIC  whiskers.  The 
tensile  axis  Is  marked  (T). 
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2124  14%  SiC  Whiskers 
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